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ABSTRACT 


Clearance  measurements  were  made  in  saline-loaded  rats  to  determine 
whether  a  maximal  rate  of  renal  K  excretion  (K  excretory  plateau) 
could  be  demonstrated  during  high  rates  of  volume  and  solute  diuresis. 
Normal  and  High-K  diet  rats  were  studied.  Clearance  results  were 
analyzed  from  a  control  period  and  2  hours  after  K  loading  (K  in¬ 
fusion  period)  for  low,  moderate,  and  high  rates  of  volume  expansion 
(IMi-VE) . 

During  the  K  infusion  period,  High-K  and  normal  diet  rats  exhibited 
a  similar  relationship  between  potassium  excretion  and  urine  flow 
rate  or  sodium  excretion.  K  excretion  rose  in  parallel  with  natri- 
uresis  and  urine  flow  until  an  apparent  K  excretory  plateau  was 
attained  for  urine  flow  rates  greater  than  20  ul  min  HoOgBW  \  The 
plateau  level  of  K  excretion  was  not  significantly  different  between 
the  two  diet  groups  and  represented  approximately  85%  of  the  rate  of 
K  infusion.  However,  the  mean  plasma  K  of  the  High-K  diet  group 
was  in  the  normal  range  while  that  of  the  normal  diet  group  was  elevated. 

A  second  series  of  experiments  were  carried  out  in  the  normal  diet  group 
in  which  the  K  infusion  was  extended  for  a  total  of  6.5  hours .  With 
prolonged  K  infusion,  rats  achieved  potassium  excretion  approximately 
58%  greater  than  the  K  excretory  plateau  present  after  two  hours  of 
K  loading  in  the  UHH-VE  experiments.  This  enhancement  of  renal  K 
excretion  during  prolonged  K  infusion  appeared  to  represent  a  response 
to  the  duration  of  K  loading  independent  of  plasma  K,  Na  excretion 
or  urine  flow  rates. 


It  is  concluded  that  a  K  excretory  plateau  exists  during  K  loading 
and  that  it  represents  a  temporally-bound  characteristic  parameter 
of  renal  K  excretory  function  that  may  change  dynamically  depending 
on  the  degree,  efficacy,  and  duration  of  the  stimulus  to  K  excretion. 
Correlations  with  flow-dependent  distal  tubular  K  secretion  are 
discussed. 

In  order  to  analyze  at  a  theoretical  level  the  basis  for  flow-depen¬ 
dent  distal  tubular  K  transport,  mathematical  models  based  on  kinetic 
formulations  of  distal  tubular  membrane  transport  behavior  were  developed 
and  analyzed.  In  vivo  kinetic  data  from  other  studies  was  used  to 
test  and  quantify  the  K  secretory  kinetics  of  the  models.  The  re¬ 
sults  of  the  analysis  suggest  that  distal  tubular  flow-dependent  K 
secretion  is  characteristic  of  an  epithelium  that  is  kinetically  defined 
by  its  ability  to  maintain  a  constant  cell  K  concentration  and  luminal 
membrane  voltage  independent  of  luminal  flow  rate  or  ionic  composition 
and  by  the  presence  of  a  nonsaturable  K  reabsorptive  pump  In  the  luminal 
membrane.  Other  models  based  on  alternative  postulates  of  distal  tubular 
membrane  transport  and  cell  properties  -  for  example,  cell  K  concen¬ 
tration  dependent  on  trans epithelial  K  transport  rates,  a  luminal 
membrane  voltage  determined  by  a  K  diffusion  potential,  a  saturable 
luminal  membrane  K  reabsorptive  pump  -  are  examined  and  contrasted. 


"To  exist  humanly  is  to  name  the  world,  to 
change  it.  Once  named,  the  world  in  its 
turn  reappears  to  the  namers  as  a  problem 
and  requires  of  them  a  new  naming.  Men  are 
not  built  in  silence,  but  in  word,  in  work, 
in  action-reflection." 


Paulo  Freire 

Pedagogy  of  the  Oppressed 
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PART  I:  MAXIMAL  K  EXCRETION  RATES  IN  SALINE  AND 
K- INFUSED  NORMAL  AND  HIGH-K  DIET  RATS 


INTRODUCTION 


The  experimental  studies  and  theoretical  models  set  forth  in  this  thesis 
represent  an  investigation  into  observations  made  principally  during  the 
pre-micropuncture  era  of  renal  physiology  study  that  under  certain 
diuretic  conditions,  renal  potassium  excretion  rises  in  parallel  with 
the  rate  of  natriuresis  until,  as  one  report  noted,  "a  K  excretory 
plateau  is  reached;  further  increases  In  Na  load  then  have  no  effect 
on  K  excretion”  (Cade  and  Shalhoub,  15).  The  present  study  is  designed 
to  re-examine  the  concept  of  a  "K  excretory  plateau"  in  the  context 
of  present-day  understanding  of  renal  K  transport  physiology. 

The  laboratory  investigations  presented  in  Part  I  concern  an  analysis 
of  renal  clearance  measurements  made  during  isotonic  saline  loading  of 
rats  in  order  to  ascertain: 

(1)  whether  a  K  excretory  plateau  can  be  demonstrated,  and 

(2)  whether  the  existence  or  magnitude  of  such  a  plateau  is  affec¬ 
ted  by: 

—  chronically  high  levels  of  potassium  dietary  intake  ("K 
adaptation" ) 

—  the  length  of  time  that  a  rat  is  subjected  to  an  acute  IV 
potassium  load 

Presented  in  Part  II  is  an  analysis  of  mathematical  models  of  distal 
tubular  K  secretion.  Among  the  various  aspects  of  K  secretory  kinetics 
examined  in  the  models  is  the  relationship  between  distal  tubular  luminal 
fluid  flow  rate  and  the  rate  of  potassium  secretion,  the  influence  of 
the  K  load  entering  the  modeled  distal  tubular  segment  on  net  K  secre¬ 
tion,  and  the  importance  of  various  distal  tubular  membrane  transport 


-  2  - 


-  3  - 


properties  to  maximally  attainable  K  secretion  rates.  An  introduction 
to  this  theoretical  work  is  deferred  until  the  beginning  of  Part  II. 

In  the  experimental  rat,  saline  diuresis  normally  induces  augmented 
rates  of  K  excretion  over  the  non-diuretic  state  (4,20,24,36,42,44,50). 
This  phenomenon  is  reliably  reproducible  in  a  variety  of  physiological 
settings  and,  with  exceptions  to  be  noted,  extends  to  most  vertebrate 
species  that  have  been  studied  and  to  most  natriuretic  stimuli:  sodium 
salt  loading  (36,42,44);  such  osmotic  agents  as  urea  and  mannitol  (4,50); 
and  several  classes  of  diuretic  drugs,  including  the  clinically  popular 
thiazide  and  "loop”  diuretics  (20,24). 

In  a  few  studies  it  has  been  observed  that  the  kaliuresis  induced  by 
natriuretic  stimuli  has  an  apparent  maximal  rate;  additional  increments 
in  fluid  and  solute  excretion  are  not  accompanied  by  further  increases 
in  the  rate  of  potassium  excretion.  The  data  plots  from  Rapaport  and 
West's  experiments  in  1950  (49)  in  which  a  solute  diuresis  was  induced 
in  dogs  by  IV  sodium  salt  infusions  indicate  that  although  sodium  excre¬ 
tion  rose  in  direct  proportion  to  urine  flow  rate  with  all  infusates, 

K  excretion  rates  increased  at  a  progressively  slower  rate  and  tended 
to  plateau  as  urine  flow  increased  under  the  stimulus  of  NaCl,  Na2S0^, 
Na2S20^,  and  MaHCO^  loading.  Cade  and  Shalhoub  reported  in  abstract 
(15)  that  dogs  with  intact  adrenals  or  subjected  to  adrenalectomy  plus 
mineralocorticoid  replacement  demonstrated  augmented  rates  of  K  excre¬ 
tion  with  Na^SO^  loading  until  a  "plateau"  level  was  reached  after 
which  further  loading  induced  no  additional  stimulation  of  K  excretion. 
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Gonlck  et  aL  (25)  studied  the  effects  of  acute  K  loading  on  potassium 
excretion  in  dogs  during  a  urea  promoted  osmotic  diuresis  and  concluded 
that  "once  distal  K  secretion  was  maximally  stimulated  by  K  loading. . . 
it  was  not  further  affected  by  solute  diuresis  or  augmented  Na  excre¬ 
tion."  Rabinowitz  and  Gunther  (48)  observed  a  similar  phenomenon  in 
sheep,  herbivores  with  a  high  potassium  dietary  intake.  The  infusion 
of  saline,  hypertonic  sodium  phosphate  or  hypertonic  sodium  sulfate 
induced  a  strong  Na  solute  diuresis  but  no  consistent  change  in  K 
excretion  over  basal  rates.  The  results  were  interpreted  as  indicating 
"maximally-active"  distal  nephron  K  secretory  function  in  the  pre¬ 
diuretic  state. 

On  the  basis  of  the  above  reports,  it  is  tempting  to  speculate,  as  did 
Rabinowitz  and  Gunther,  that  the  demonstration  of  a  K  excretory  plateau 
at  the  urinary  level  during  a  solute  diuresis  might  have  a  correlate 
with  potassium  transport  in  the  renal  tubule.  In  view  of  the  well  estab¬ 
lished  primacy  of  the  distal  tubule  as  the  source  of  potassium  ultimately 
destined  for  urinary  excretion  (7,12,23,42-44,63-65) ,  is  it  possible  that 
distal  tubular  K  secretion  is  physiologically  limited  by  a  secretion 
transport  maximum?  As  will  be  discussed,  the  limited  micropuncture 
experimental  evidence  bearing  on  this  question  does  not  directly  support 
the  notion  of  a  transport  maximum  for  K  secretion  in  the  distal  tubule. 
While  it  is  not  the  purpose  of  the  clearance  experiments  described  in 
the  present  study  to  evaluate  single  nephron  K  transport  activity,  the 
work  undertaken  here  is  grounded  in  the  view  that  if  a  urinary  K  excre¬ 
tory  plateau  can  be  confirmed  to  exist  in  the  rat,  important  implications 
are  then  posed  for  mechanisms  and  determinants  of  K  transport  along 
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the  renal  tubule.  In  order  to  illuminate  this  point  of  view,  it  will  be 
helpful  to  briefly  review  some  pertinent  aspects  of  renal  K  handling. 

Prior  to  the  full  exploitation  of  the  micropuncture  technique  in  the 
study  of  renal  physiology,  the  prevailing  view  of  mechanisms  of  renal 
K  transport  was  set  forth  by  R.  W.  Berliner  in  the  Harvey  Lectures  of 
1961  (7).  Berliner  summarized  a  body  of  renal  clearance  and  "stop- flow" 
experimental  studies  which  pointed  convincingly  to  the  probability  that 
urinary  potassium  was  derived  largely  if  not  exclusively  from  secretion 
of  potassium  by  the  distal  nephron.  He  further  went  on  to  elaborate 
the  view  that  in  the  distal  nephron,  a  sodium-potassium  exchange  mech¬ 
anism  operated  to  mediate  the  magnitude  of  potassium  secreted  into  the 
nephron  lumen.  The  delivery  of  a  large  sodium  load  to  the  postulated 
mechanism  would  obligate  a  high  rate  of  sodium  exchange  for  potassium 
thus  resulting  in  a  high  rate  of  urinary  potassium  excretion.  Conver¬ 
sely,  under  certain  circumstances,  it  was  theorized  that  the  supply 
of  sodium  to  the  distal  nephron  could  become  the  rate-limiting  factor 
in  potassium  excretion. 

By  the  late  1960’ s,  it  became  evident  from  micrcpuncture  studies  that 
the  ratio  of  exchange  of  sodium  for  potassium  in  the  distal  tubule  was 
quite  variable  since  differences  ranging  over  an  order  of  magnitude 
between  distal  tubular  sodium  reabsorption  and  K  secretion  could  be 
demonstrated  under  varied  physiological  conditions  (23,43),  However, 
since  in  all  but  a  few  experimental  settings,  rates  of  distal  tubular 
K  secretion  changed  in  parallel  with  the  rate  of  Na  load  delivery 
to  the  nephron  segment,  the  view  that  Na  played  a  primary  role  in  media¬ 
ting  distal  tubular  K  secretion  remained  unchallenged. 
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In  the  early  1970* s,  the  concept  of  "flow  dependency"  of  K  secretion 
was  offered  by  G.  Giebisch  (22).  Giebisch  proposed  that  tubular  fluid 
flow  rate  had  an  important  effect  on  the  magnitude  of  distal  tubule  K 
secretion.  However,  not  until  recently  in  the  microperfusion  experi¬ 
ments  of  Good  and  Wright  (26,27)  was  it  clearly  demonstrated  that  distal 
tubular  flow  rate  per  se  was  the  important  determinant  of  K  secretion 
independent  of  delivered  sodium  load  when  other  physiological  determi¬ 
nants  of  K  secretion  were  controlled. 

Shown  in  Figure  1.1  (adapted  from  Wright  65),  are  a  variety  of  rat 
micropuncture  experimental  results  which  demonstrate  the  dependency  of 
K  secretion  on  flow  rate.  Late  distal  tubular  K  concentration  is 
plotted  against  late  distal  flow  rate.  The  experimental  data  from 
several  studies  (27, 36, 39, 44,46, 51)  is  superimposed  on  a  series  of  hyper- 
bolas  which  represent  "constant  K  secretion  isopleths."  For  tubular 
K  secretion  to  remain  unchanged  during  variations  in  luminal  flow  rate, 
the  functional  relationship  between  K  concentration  and  flow  rate 
would  have  to  follow  the  profile  of  one  of  the  isopleths.  Connected 
experimental  data  points  cutting  from  a  lower  to  a  higher  constant  K 
secretion  isopleth  indicate  that  K  concentration  is  not  falling  in 
proportion  to  luminal  flow  rate,  and  therefore  that  K  secretion  is 
being  augmented  by  increments  in  flow  rate. 

With  the  exception  of  the  data  from  the  Khuri  et_ al  study  (36),  the 
depicted  experimental  findings  indicate  that  late  distal  K  concentra¬ 
tions  tend  to  fall  with  higher  flow  rates,  but  by  a  degree  that  is  less 
than  proportional  to  the  rise  in  luminal  flow  rate.  Therefore,  K 
secretion  is  enhanced  when  tubular  flow  rate  is  increased.  The  data 
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Late  distal  tubular  flow  rate 
(nl/min) 

Figure  1.1  Late  distal  K  concentration  in  relation  to  late  distal  tubu¬ 
lar  flow  rate.  Open  symbols  indicate  rats  with  normal  plasma 
K;  closed  symbols,  rats  with  elevated  plasma  K  resulting 
from  K  infusion.  Circles  are  from  reference  36  and  44, 
triangles  frcm  51,  diamonds  from  46,  squares  from  39,  and 
X's  from  27.  The  hyperbolas  represent  constant  K  secretion 
isopleths  (see  text) . 
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include  results  from  "stationary  drop"  experiments  (44),  loop  of  Henle 
(46)  and  direct  distal  tubule  (27)  microperfusion  experiments  in  hydro- 
penic  animals,  and  measurements  of  free- flow  late  distal  K  concentra¬ 
tions  and  flow  rates  under  hydropenic  and  saline  loading  conditions  (36, 
39,51).  The  effect  of  concurrent  KC1  loading  was  also  investigated 
in  the  Khuri  et  al  (K-adapted  rats)  and  Reineck  et  al  (normal  diet  rats) 
studies  (36,51). 

Based  in  part  on  the  results  of  the  Khuri  et_ al  study,  Giebisch  proposed 
that  potassium  secretion  in  the  rat  late  distal  tubule  more  closely 
approximated  a  hypothetical  "flow-limited"  secretory  model  than  a 
"transport-limited"  model  (22).  Shown  in  Figure  I  .2  (adapted  from 
Giebisch,  22)  are  graphical  representations  of  the  K  secretion  vs.  flow 
rate  and  K  concentration  vs.  flow  rate  relationships  for  the  flow- 
limited  and  transport-limited  K  secretory  models.  In  the  flow-limited 
case,  which  Giebisch  suggests  characterizes  distal  tubular  K  secretory 
behavior,  the  luminal  potassium  concentration  is  maintained  at  a  constant 
level  independent  of  flow  rate  variability,  with  the  result  that  K  secre¬ 
tion  is  directly  proportional  to  flow  rate.  For  the  transport-limited 
model,  luminal  K  concentration  falls  in  proportion  to  the  rise  in 
flow  rate,  and  K  secretion  therefore  remains  constant  and  independent 
of  flow  rate. 

Most  of  the  experimental  results  given  in  Figure  1.1  indicate  that  the 
late  distal  tubular  K  secretory  system  operates  at  a  position  inter¬ 
mediate  between  a  flow-limited  and  a  transport-limited  model.  Whether 
a  distal  tubular  K  secretory  maximum  exists  which  would  correlate  with 
a  urinary  K  excretory  plateau  cannot  be  ascertained  from  these  investi- 


K  Concentration  K  Concentration 
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Flew- limited  K  secretion 


Flow  rate 


Transport- limited  K  secretion 


Figure  1,2  Contrasting  hypothetical  models  of  K  transport  in  relation 
to  luminal  fluid  flew  rate.  (Adapted  from  Giebisch,  22) 


-  10  - 


gations.  The  range  of  flow  rates  examined  is  restricted  to  a  few  obser¬ 
vations  in  each  study. 

The  rat  distal  tubule  micropuncture  studies  thus  do  not  provide  direct 
evidence  for  a  distal  tubular  K  secretory  maximum  within  physiological 
flow  rates.  Indeed,  the  proposal  advanced  by  Giebisch  that  distal  tubu¬ 
lar  K  secretion  is  flow-limited  and  the  results  from  the  Khuri  et  al 
study  (Figure  1.1)  imply  that  any  maximal  renal  K  excretory  capability 
measured  at  the  urinary  level  should  reflect  a  physiological  limitation 
on  distal  tubular  flow  rate  magnitude,  not  a  maximum  K  secretory  trans¬ 
port  capability.  However,  the  concept  of  a  K  excretory  plateau  and 
its  postulated  correlation  with  a  distal  tubular  K  transport  maximum 
emerged  from  the  reports  noted  earlier  in  which  dogs  were  infused  with 
a  K  excretion  stimulus  (for  example,  KC1  and  Na2S0^)  and  from 
studies  of  sheep  maintained  on  their  normal  high  dietary  K  intake. 

Whether  under  similar  circumstances  of  acute  or  chronic  stimulation  of 
renal  K  excretion,  the  same  phenomenon  could  be  demonstrated  in  rats 
is  not  certain. 

The  stimulatory  effect  of  acute  IV  K  loading  on  renal  K  excretion 
(5,6,47,5*0  the  enhancement  of  the  ability  of  rats  fed  diets  rich 
in  potassium  to  excrete  acute  K  load  challenges  more  efficiently  than 
normal  diet  rats,  so-called  "K-adaptation"  or  "K  tolerance”  (1,55,57,62), 
have  been  well  described.  In  addition,  several  reports  have  shown  that 
during  IV  K  loading,  the  rate  of  kaliuresis  tends  to  stabilize  after 
a  time  in  spite  of  a  continually  rising  plasma  K  concentration.  For 
instance,  Orloff  and  Davidson  (47)  found  that  during  perfusion  of  the 
portal  circulation  of  the  chicken  (which  directly  elevates  renal  peritubular 
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K  concentration),  K  excretion  leveled  off  after  one  hour  while  plasma 

K  concentration  continued  to  increase.  In  a  recent  micropuncture  study 

of  the  hydropenic  rat,  Stanton  and  Giebisch  reported  in  abstract  (56) 
that  with  acute  IV  K  loading,  distal  tubular  K  secretion  rates 

increased  over  time  during  a  period  of  relative  stability  of  plasma  K 
concentration.  However,  similar  to  the  findings  reported  in  the  chicken, 
further  K  loading  raised  plasma  K  concentration  but  induced  no  addi¬ 
tional  increment  in  distal  tubular  K  secretion.  Finally,  concerning 
chronic  K  loading,  Rabinowitz  and  Gunther  observed  in  a  study  mentioned 
earlier  (48)  that  high  K  diet  sheep  exhibited  rates  of  K  excretion 
in  the  hydropenic  state  that  could  not  be  further  augmented  by  sodium 
salt  loading.  These  reports  raise  the  possibility  that  a  K  excretory 
plateau  might  be  more  readily  demonstrable  during  saline  volume  expansion 
if  the  kidney's  K  excreting  capability  were  concurrently  stimulated. 

Is  it  possible  that  in  the  setting  of  acute  or  chronic  K  loading,  pro¬ 
gressive  saline  volume  expansion  would  "unmask”  a  renal  K  excretory 
plateau  in  the  rat? 

The  foregoing  discussion  and  the  questions  raised  introduce  the  princi¬ 
pal  considerations  important  to  the  design  of  the  present  investigation. 
The  studies  in  Part  I  aim  to  ascertain  whether  a  K  excretory  plateau 
exists  in  the  rat  during  saline  volume  expansion,  and  whether  its  exis¬ 
tence  or  magnitude  is  conditioned  by  prior  dietary  K  intake  and/or 
acute  IV  K  loading.  The  results  of  these  experiments  strongly  suggest 
that  a  renal  K  excretory  plateau  can  be  demonstrated  when  rats  are 
subjected  to  acute  IV  K  loading  and  further  indicate  that  the  K 
excretion  rate  at  which  the  plateau  level  is  "set"  may  be  dependent  on 
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interrelationships  among  such  variables  as  plasma  K  concentration, 
prior  dietary  K  intake  level,  and  the  duration  of  exposure  to  an  acute 
IV  KC1  infusion. 

The  discussion  in  Part  I  centers  on  an  assessment  of  intra-  and  extra- 
renal  factors  which  may  be  important  to  setting  the  magnitude  of  a  K 
plateau.  Implications  posed  for  distal  tubular  K  transport  are  noted. 
Part  II  examines  mathematical  models  of  distal  tubular  potassium  trans¬ 
port  kinetics  as  a  means  of  analyzing  at  a  theoretical  level  a  postu¬ 
lated  basis  for  flow-dependent,  transport  maximum-limited  K  secretory 
behavior. 


METHODS 


Male  Sprague-Dawley  rats  (Charles  River  Breeding  Lab)  weighing  from  200 
to  325  g  were  prepared  for  experimentation  on  two  dietary  regimens: 

(1)  a  normal  diet  group  was  maintained  on  standard  laboratory  chow 
(Purina),  Na  =  0.10  mmol/g  and  K  =  0.22  mmol/g;  and  (2)  High-K 
diet  rats  were  fed  an  enriched  potassium  diet  (General  Biochemicals) 
for  20  to  35  days,  Na  =  0.18  mmol/g  and  K  =  2.00  mmol/g.  Tap 
water,  ad  libitum,  was  provided  for  both  diet  groups.  Prior  to  experi¬ 
ments,  rats  were  deprived  of  food  for  15  hours  but  allowed  free  access 
to  tap  water. 

Anaesthesia  was  induced  by  intraperitoneal  injection  of  Inactin  (Promota, 
Hamburg)  @  100  mg/kg  body  weight.  Rats  were  then  placed  on  an  experimen¬ 
tal  apparatus  heated  to  a  constant  temperature  of  37° C  throughout  the 
course  of  the  experiment.  Rectal  temperature  was  continuously  monitored 
and  recorded.  Surgical  preparation  included  a  tracheostomy,  cannulation 
of  the  left  external  jugular  vein  for  IV  infusions,  and  cannulation  of 
the  right  carotid  artery  for  blood  pressure  monitoring  and  blood  sampling. 
The  arterial  blood  pressure  was  monitored  continuously  using  a  strain- 
guage  transducer  (Ailtech)  and  recorder  (Gulton). 

The  left  kidney  was  exposed  through  a  left  flank  incision  with  care  taken 
to  avoid  manipulation  of  the  adrenal  gland  as  it  was  dissected  away  from 
the  perinephric  fat.  The  kidney  was  immobilized  in  a  plastic  lucite  cup, 
bathed  in  an  isotonic  saline  solution,  and  draped  with  a  small  piece  of 
tissue  to  limit  fluid  and  heat  loss.  The  temperature  of  the  medium  sur¬ 
rounding  the  kidney  was  checked  periodically  and  repeatedly  found  to  match 
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rectal  temperature,  A  polyethylene  catheter  was  inserted  into  the  left 
ureter  and  the  tip  advanced  to  the  uretero-pelvic  junction.  Urine  was 
collected  under  oil  in  pre-weighed  tubes.  Experiments  in  which  rats 
maintained  a  blood  pressure  greater  than  100  mmHg  throughout  were 
judged  to  be  successfully  completed. 

In  all  experiments,  C-l4  inulin  (New  England  Nuclear)  was  added  to  the 
saline  infusion  solution  in  an  amount  sufficient  to  deliver  a  minimum 
of  10  uCi/hourAg  body  weight.  Two  methods  of  saline  volume  expansion 
and  KC1  infusion  were  employed. 

Method  I:  Low,  moderate,  and  high  rate  saline  volume  expansion  (LMH-VE) 

An  isotonic  saline  solution  (0.15M  NaCl)  was  infused  for  a  period  of 
five  hours  at  three  rates,  0.3,  1.0,  and  3.0  ml/hour/lOOg  BW  corres¬ 
ponding  to  low,  moderate,  and  high  rate  volume  expansion  respectively. 

A  continuous  rate  adjustable  "Precision  Metering  Pump"  (Instrumentation 
Specialties  Co.,  Model  300)  was  used.  At  the  end  of  the  first  two  hours 
of  saline  infusion,  a  one  hour  clearance  period  was  begun  (Control  period). 
A  KC1  infusion  (1.0M  KC1)  @  5.0  umol/min/lOOg  BW  was  started  at  the 
beginning  of  the  third  hour  and  continued  for  two  hours.  A  separate  in¬ 
fusion  pump  and  catheter  (Sage,  Model  355)  was  employed.  A  one  hour 
clearance  period  (K  infusion  period)  was  begun  at  the  start  of  the  se¬ 
cond  hour  of  K  infusion. 

In  order  to  achieve  variability  in  the  rate  of  volume  and  solute  diuresis 
among  the  experimental  rats,  a  modified  saline  loading  schedule  was  em¬ 
ployed  as  part  of  the  Method  I  protocol.  In  the  first  modified  method 
("1. 0/6.0"),  the  saline  was  infused  at  1.0  ml/hour/lOOg  BW 
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for  the  first  3.5  hours  and  then  increased  to  6.0  ml/hour/lOOg  BW 
for  the  final  1.5  hours.  In  the  second  modification  ("1. 0/0.3”), 
saline  was  infused  at  1.0  ml/hour /100g  BW  for  three  hours  and  then 
reduced  to  0.3  ml/hour /100g  BW  for  the  last  two  hours.  The  KOI 
infusion  time  and  rate  and  the  clearance  periods  were  the  same  as  in  the 
IMH-VE  method.  For  the  control  period,  data  from  the  two  modified 
saline  infusion  methods  were  combined  with  the  moderate  rate  volume 
expansion  group.  For  the  K  infusion  period,  clearance  results  from 
the  1. 0/6.0  rats  were  analyzed  with  the  high  rate  volume  expansion 
group  whereas  results  from  the  1.0/0. 3  group  were  combined  with  the 
moderate  volume  expansion  group. 

Method  II.  Prolonged  K  infusion  with  graded  saline  volume  expansion 

These  experiments  lasted  a  total  of  8.5  hours.  For  the  first  4.5 
hours,  isotonic  saline  was  infused  at  a  rate  of  0.3  ml/hour/lOOgBW, 
advanced  to  2.0  for  the  next  two  hours,  and  finally  increased  to  6.0 
for  the  last  two  hours.  A  1.0M  KC1  solution  infusion  @  5-0  umol/min/ 
lOOgBW  was  started  at  the  beginning  of  the  third  hour  of  saline  loading 
and  continued  for  6.5  hours.  Three  clearance  periods  were  established: 
u(l)  2-2.5  hours,  u(2)  4-4.5  hours,  and  u(3)  6-6.5  hours  after  the 
start  of  the  K  infusion. 

The  isotonic  saline  and  KC1  infusion  schedules  for  Methods  I  and  II 
are  shown  in  Figure  1.3.  At  the  midpoint  of  each  clearance  period,  blood 
samples  were  taken  for  plasma  electrolyte  determinations  and  C-l4  inulin 
radioactive  counts. 


Method  I:  Low,  moderate,  and  high  rate  saline  volume  expansion  with  K  infusion 
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Figure  1.3  Saline  and  potassium  loading  schedules  for  Methods  I  and  II. 
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Analysis 

Sodium  and  potassium  concentrations  in  urine  and  plasma  were  measured  by 
standard  laboratory  techniques  on  a  flame  spectrophotometer  (Model  142, 
Instrumentation  Laboratory).  For  plasma  electrolytes,  two  blood  samples 
were  taken  at  the  midpoint  of  each  clearance  period  and  the  results 
averaged.  Urine  volumes  were  determined  by  weighing.  For  inulin  clear¬ 
ance  determinations,  radioactive  counting  of  C-l4  inulin  was  performed 
in  a  liquid  scintillation  counter  (Mark  I,  Searle)  using  a  gel  suspension 
of  sample  material  mixed  with  Aquasol  (New  England  Nuclear).  Sample 
counts  were  at  least  ten  times  greater  than  background  counts,  and  total 
counts  were  adequate  to  establish  a  minimum  2!  accuracy.  All  urine 
flow  rate,  potassium  excretion,  sodium  excretion  and  GFR  results  cited 
in  the  text  represent  values  normalized  to  lOOg  body  weight.  Statis¬ 
tical  analysis  of  the  experimental  results  utilized  Student’s  t-test. 
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RESULTS 


A.  Effects  of  K  infusion  in  normal  diet  and  High-K  diet  rats:  IMH-VE 

Clearance  data  from  the  low,  moderate,  and  high  rate  saline  volume  expan¬ 
sion  (LMH-VE)  experiments  is  summarized  in  Table  1.1.  Because  results 
for  the  low  and  moderate  rate  volume  expansion  groups  generally  were 
not  significantly  different,  these  two  groups  were  combined  (LM-VE). 
Table  1.1  is  organized  in  order  to  facilitate  the  comparison  between 
the  LM-VE  and  H-VE  groups  for  the  control  and  K  infusion  periods 
separately.  Presented  in  Table  1.2  are  the  calculated  changes  in  GFR, 
plasma  K,  urine  flow,  and  absolute  and  fractional  excretion  rates  of 
Na  and  K  that  occurred  between  the  control  and  K  infusion  period. 

The  results  from  experiments  in  the  normal  diet  group  are  compared 
separately  from  those  of  the  High-K  group.  Inter-diet  group  analyses 
will  be  deferred  until  later  sections. 

1)  Normal  diet  group 

The  effect  of  the  different  saline  infusion  rates  on  urine  flow  and 
sodium  excretion  during  the  control  clearance  period  is  substantial, 
with  V^  averaging  only  1.0  ±  0.17  ul/min  in  the  LM-VE  group  and 
23.24+5.50  in  the  H-VE  group.  Sodium  excretion  was  elevated  by 
high  rate  saline  volume  expansion  to  a  similar  degree.  Although  H-VE 
produced  a  brisk  saliuresis  compared  to  LM-VE,  the  GFR  was  not  signi¬ 
ficantly  different. 

Plasma  K  and  Na  concentrations  during  the  control  period  did  not 
differ  significantly  between  LM-VE  and  H-VE  animals.  However,  the 


Table  1.1  Effects  of  K  infusion  in  normal  and  High-K  diet  rats 
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high  rate  of  saline  loading  resulted  in  a  nearly  four-fold  difference 
in  K  excretion:  0.122  ±  0.021  vs.  0.442  ±  0.079  umol/min  for 
LM-VE  and  H-VE  rats  respectively  (p  <  .001).  Fractional  K  excre¬ 
tion  rates  also  differed  significantly  (p  <  .001),  7.0%  ±  0.9  vs. 

21.6%  ±  2.6. 

After  the  infusion  of  KC1  at  5-0  umol/min/lOOgBW,  mean  plasma  K 
concentration  rose  in  the  LM-VE  group  to  6.40  mmol/1  (a  Kp  =  +2.58) 
and  to  5.47  mmol/1  in  the  H-VE  rats  (a  K  =  +1.72  mmol/1).  The 

IT 

AKp’s  were  significant  (p  <  .001).  K  excretion  was  augmented  drama¬ 
tically  in  both  groups,  though  proportionally  more  so  among  LM-VE 
rats.  The  H-VE  rats  continued  to  demonstrate  significantly  higher 
rates  of  K  excretion  than  LM-VE  rats,  2.184  ±  0.058  vs.  1.719  ±  0.218 
umol/min  (p  <  .05).  The  H-VE  group  attained  this  higher  rate  of  kali- 
uresis  in  spite  of  a  significantly  lower  plasma  K  (p  <  .01).  Assuming 
that  K  excretion  per  kidney  would  have  to  equal  approximately  2.5 
umol/min  to  offset  the  K  infusion  rate  of  5.0  umol/min,  neither  group 
achieved  this  level  of  K  excretion  proficiency.  However,  all  rats 
survived  the  K  infusion. 

Plasma  Na  concentrations  were  not  changed  significantly  in  either  group 
following  K  infusion,  but  Na  excretion  rose  significantly  (p  <  .05) 
in  the  LMr-VE  group  as  did  urinary  flow  rate  (p  <  .  001 ) .  A  tendency 
towards  a  higher  rate  of  saliuresis  with  K  infusion  was  also  noted 
in  the  H-VE  group,  though  statistical  significance  was  not  achieved. 

Clearly  for  this  group,  saline  loading  and  not  KC1  infusion  was  the 
predominant  saliuretic  stimulus.  GFR  showed  a  slight  tendency  to  in¬ 
crease  with  K  infusion  in  both  groups,  but  this  change  was  not  significant. 
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2)  High-K  diet  group 

In  most  respects,  the  clearance  data  from  the  High-K  diet  rats  paral¬ 
leled  the  results  from  the  normal  diet  group.  Of  particular  note,  how¬ 
ever,  is  that  the  plasma  K  concentration  during  the  control  period  was 
somewhat  low  in  the  LM-VE  group,  3-11  ±  0.19  mmol/1  and  decidedly 
low  in  the  H-VE  group,  2.50  ±  0.12  mmol/1.  With  K  Infusion,  mean 

plasma  K  rose  to  4.49  mmol/1  in  the  LM-VE  rats  (a  K  =  +1.48) 

P 

and  to  3.60  mmol/1  in  the  H-VE  group  (a  K  =  +1.10).  The  aK 

P  P 

was  significant  in  both  instances.  Absolute  and  fractional  K  excre¬ 
tion  rates  were  significantly  higher  among  H-VE  animals  compared  to 
the  LM-VE  group,  both  before  and  during  K  infusion.  The  balance  of 
the  clearance  data  reveals  responses  to  the  various  experimental  inter¬ 
ventions  qualitatively  similar  to  those  found  in  the  normal  diet  group. 

B.  Potassium  excretion  in  relation  to  urine  flow  rate  and  Na  excretion: 
m H-VE 

Early  in  the  course  of  the  experiments,  it  became  clear  that  for  a  given 
rate  of  volume  expansion,  rats  would  manifest  considerable  variability 
in  rates  of  diuresis  and  K  excretion.  However,  such  data  when  plot¬ 
ted  as  E^  vs.  E^a  or  E^  vs.  V^  revealed  a  fairly  predictable, 
characteristic  relationship  among  the  variables.  Accordingly,  the  experi¬ 
mental  results  for  individual  rats  have  been  organized  and  graphed  in 
this  manner.  Since  it  is  not  the  purpose  of  this  study  to  define  separa¬ 
tely  the  effect  on  K  excretion  of  an  induced  sodium  or  volume  diuresis, 
the  results  are  presented  utilizing  both  parameters  as  independent  varia¬ 
bles.  It  should  be  noted,  however,  that  E^a  and  V^  varied  together 
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in  a  predictable  fashion  irrespective  of  the  experimental  intervention. 
This  finding  is  demonstrated  in  Figure  1.4. 

In  the  plot  of  E^a  vs.  shown  in  Figure  1.4,  the  X  and  Y  axes 

have  been  assigned  arbitrarily  to  Vu  and  respectively.  Bata 

is  taken  from  normal  and  High-K  diet  rats  for  both  control  and  K 
infusion  periods  and  for  all  rates  of  volume  expansion.  The  results 
from  the  prolonged  K  infusion  experiments  to  be  discussed  later  are 
also  plotted.  The  data  points  appear  to  approximate  a  linear  relation¬ 
ship  between  Na  excretion  and  urine  flow  rate.  There  is  no  obvious 
distribution  of  data  points  that  suggests  a  different  E^a  vs. 
correlation  among  the  different  diet  groups  or  between  control  and  K  - 
infused  rats.  While  a  linear  regression  line  might  conveniently  be 
fitted  to  the  data,  this  would  import  more  significance  to  the  results 
than  intended.  It  is  sufficient  to  note  by  inspection  that  E^a  and 
are  co-variables  that  change  together  in  a  fairly  predictable  way. 
Therefore,  K  excretion  data,  when  plotted  against  one  or  the  other 
variable,  is  not  likely  to  yield  significantly  different  plots. 

1 )  Control  period 

Shown  in  Figure  I. 5a  is  a  plot  of  K  excretion  vs.  urine  flow  rate  for 

normal  and  High-K  diet  rats  during  the  control  period,  with  data  drawn 

from  all  three  volume  expansion  rates.  A  curve  representing  an  '’eyeball" 
estimate  of  a  "best  fit"  line  has  been  drawn  through  the  data  points 

for  each  diet  group.  This  curve  fitting  method  was  also  employed  on  all 

E^  vs.  Vu  and  E^  vs.  E^a  data  plots  in  later  sections. 
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j4  Sodium  excretion  plotted  as  a  function  of  urine  flow  rate. 
Data  include  all  rats  in  IMI-VE  and  prolonged  K  infusion 
experiments. 
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a) 
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Figure  1.5  Potassium  excretion  plotted  as  a  function  of  flow  rate  (a) 
and  sodium  excretion  (b)  for  normal  and  High-K  diet 
rats  during  control  period  of  LMH-VE. 
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The  trend  for  K  excretion  to  increase  with  flow  rate  is  apparent  in 
Figure  1. 5a,  although  the  normal  diet  rats  showed  considerably  less 
predictability  in  the .  relationship  between  and  at  higher  urine 
flow  rates.  Nonetheless,  it  can  be  appreciated  that  High-K  animals 
excreted  K  at  a  rate  exceeding  that  of  normal  diet  rats  for  all  but 
the  lowest  urine  flow  rates.  Furthermore,  among  the  High-K  rats,  ani¬ 
mals  excreting  K  in  the  range  of  0.8  to  1.0  umol/min  had  urine 
flow  rates  ranging  from  12  to  28  ul/min.  Thus  a  more  than  two- fold 
increase  in  urine  flow  rate  did  not  significantly  alter  K  excretion. 
Among  normal  diet  rats,  the  data  in  the  higher  urine  flow  rate  range  is 
quite  variable,  although  the  trend  appears  to  be  towards  a  modest  ele¬ 
vation  of  potassium  excretion  with  V  . 

The  K  excretion  vs.  Na  excretion  plot  shown  in  Figure  1. 5b  is  simi¬ 
lar  in.  all  respects.  For  the  High-K  rats,  K  excretion  relatively 
stabilized  for  sodium  excretion  rates  greater  than  1.5  umol/min. 

2)  K  infusion  period 

Data  from  the  clearance  period  between  one  and  two  hours  following  K 
infusion  is  plotted  in  Figures  1. 6a  and  1. 6b.  A  rising  rate  of  kaliu- 
resis  with  urine  flow  and  sodium  excretion  is  now  clearly  evident  over 
the  low  urine  flow  and  sodium  excretion  rate  ranges.  Additionally,  the 
graph  reveals  two  important  findings. 

First,  the  data  from  the  normal  and  High-K  animals  plot  in  similar  manner, 
and  the  two  diet  groups  cannot  be  clearly  differentiated  based  on  their 
K  excretion,  Na  excretion,  and  flow  rate  results.  Secondly, 
appears  to  rise  to  a  maximum  rate  which  is  encountered  at  moderately  high 
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ENa  (umol/min/lOOgEW) 


Figure  1.6  Potassium  excretion  plotted  as  a  function  of  urine  flew 
rate  (a)  and  sodium  excretion  (b)  for  normal  and  High-K 
diet  rats  following  K  infusion  during  IMH-VE. 
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rates  of  Vu  and  E^.  Hals  apparent  K  excretory  plateau  lies  between 
2.0  and  2.5  umol/min ,  somewhat  less  than  the  K  infusion  rate  of 
2.5  umol/min/  kidney.  Potassium  excretion  for  normal  and  High-K  diet 
rats  was  fixed  within  this  range  for  urine  flow  rates  exceeding  20 
ul/min  and  for  sodium  excretion  rates  greater  than  2.5  umol/min.  This 
relatively  constant  rate  of  K  excretion  was  maintained  up  to  the  high¬ 
est  rates  of  urine  flow  and  sodium  excretion  recorded,  38.1  ul/min  and 
7.0  umol/min  respectively. 

C.  Prolonged  K  infusion  experiments 

In  order  to  study  the  effect  that  prolonging  the  duration  of  K  infu¬ 
sion  would  have  on  the  rate  of  K  excretion  in  a  manner  that  would  yield 
results  that  could  be  compared  with  the  finding  of  an  apparent  K  excre¬ 
tory  plateau  in  the  IITH-VE  expansion  experiments,  it  was  necessary  to 
devise  an  appropriate  saline  loading  schedule.  If  a  low  rate  saline 
infusion  were  given  throughout ,  K  excretion  would  not  be  augmented 
sufficiently  to  preclude  a  toxic  plasma  K  concentration  rise.  On  the 
other  hand,  a  continuous  high  rate  of  saline  loading  would  be  antici¬ 
pated  to  induce  a  rate  of  kaliuresis  sufficiently  great  that  by  the  end 
of  the  prolonged  K  infusion,  plasma  K  concentrations  conceivably 
would  be  returned  well  towards  normal.  Accordingly,  a  graded  schedule 
of  saline  loading  was  employed  with  the  objective  of  achieving  an  appro¬ 
ximately  stable  plasma  K  concentration  from  the  first  through  the  third 
urine  collection  periods .  After  some  trial  experiments ,  the  following 
protocol,  briefly  summarized  from  the  Methods  section,  was  used. 
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An  isotonic  saline  infusion  was  progressively  advanced  from  0.3  to 
1.0  to  6.0  ml/hr/lODgEM  over  an  8.5  hour  period.  K  infusion  at 
the  same  rate  as  in  the  LMH-VE  groups  (5.0  umol/min/lOOgBW )  was 
initiated  at  the  end  of  the  second  hour  and  continued  for  6.5  hours. 
Clearance  measurements  during  K  infusion  were  made  for  each  saline 
loading  rate.  Thus  each  rat  experiment  yielded  three  data  points  on  an 
E^.  vs.  or  vs.  E^a  graph.  Figure  1.3  summarizes  the  saline 

and  K  infusion  methods. 

1)  Normal  diet  rats 

The  results  from  the  three  clearance  periods,  u(l),  u(2),  and  u(3) 
are  summarized  in  Table  1.3,  and  the  vs.  and  vs.  E^a 

plots  are  presented  in  Figures  1.7  and  1.8.  For  comparison  purposes, 
the  results  from  the  K  infusion  period  (1-2  hours  after  K  infusion) 
of  the  LMH-VE  experiments  are  also  plotted. 

Looking  first  at  the  plots,  E^  again  rose  with  and  E^  and  by 
u(2)  the  K  excretion  rate  for  most  rats  exceeded  the  highest  rates 
found  among  normal  and  High-K  diet  animals  in  the  LMH-VE  groups. 
Moreover,  by  u(2) ,  most  rats  excreted  K  at  a  rate  faster  than  the 
K  infusion  rate  per  kidney. 

Examining  the  data  from  Table  1.3,  several  points  are  noteworthy  among 
the  otherwise  predictable  changes  that  occurred  from  the  first  to  the 
third  clearance  period.  Plasma  K  concentration  peaked  during  u(2) 
at  6.84  ±  0.14  mmol/1  and  declined  in  u(3)  to  the  same  mean  plasma 
concentration  recorded  during  u(l),  6.35  mmol/1.  The  mean  K  excre¬ 

tion  rate  rose  from  1.781  to  2.833  to  3-393  umol/min  from  u(l) 


Table  1.3  Clearance  results  frcm  prolonged  K  infusion  with  graded  saline  volume  expansion 
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Figure  1.8  Potassium  excretion  plotted  as  a  function  of  sodium  excretion  during  prolonged 
K  infusion,  u(l),  u(2),  and  u(3) ,  and  during  K  infusion  period  of  IMi-VE  for 
normal  and  High-K  diet  rats. 


-  33  - 


to  uG)  and  mean  fractional  K  excretion  rates  similarly  progressed 
from  52.2$  to  77-8$  to  9^.  3/S  by  u(3).  The  changes  in  the  K 
clearance  parameters  were  all  significant.  Na  excretion  rose  predic¬ 
tably  as  the  saline  loading  was  progressively  augmented,  reaching  a 
mean  of  6.158  ±  0.518  umol/min  by  the  third  collection  period.  In 
spite  of  the  long  period  of  volume  expansion,  GFR  was  stable  between 
u(l)  and  u(2)  and  rose  modestly  but  not  significantly  between  u(2) 
and  u(3). 

2)  High-K  diet  rats 

For  reasons  which  remain  unexplained,  High-K  rats  had  a  very  varied 
diuretic  response  to  the  prolonged  saline  and  K  loading,  some  animals 
exhibiting  relatively  low  rates  of  urine  flow  and  sodium  excretion  in 
spite  of  high  rates  of  volume  expansion.  Among  five  High-K  animals, 
three  failed  to  develop  urine  flow  rates  greater  than  12  ul/min  by 
u(3),  which  contrasts  markedly  with  the  normal  diet  group  in  which 
urine  flow  rate  averaged  35.85  ul/min  during  u(3).  The  High-K 
animals  were  noticeably  water  logged.  No  apparent  problems  were  noted 
in  blood  pressure  or  GFR.  Since  it  was  not  possible  to  reliably  gen¬ 
erate  higih  urine  flow  rates,  these  experiments  were  abandoned.  Data 
results  from  the  two  High-K  diet  rats  whose  urine  flow  rates  did  pro¬ 
gress  more  or  less  appropriately  with  the  graded  volume  expansion  are 
shown  in  Figure  1.9.  Also  indicated  on  the  graphs  are  plasma  K  con¬ 
centrations  for  each  clearance  period.  During  u(3),  both  High-K 
rats  had  K  excretion  rates  less  than  that  for  any  normal  diet  rat. 
However,  by  u(3),  plasma  K  concentration  was  virtually  normal  for 
each  High-K  rat,  and  K  excretion  approximately  matched  the  K  infusion 


rate. 


■ 


(umol/min/lOOgBW) 
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Plasma  K  (mmol/1) 


u  (1) 

u  (2) 

u  (3) 

Rat  1 

5.18 

5.08 

4.14 

Rat  2 

3.45 

3.59 

4.57 

Figure  1.9  Potassium  excretion  as  a  function  of  urine  flow  rate  for 

two  High-K  diet  rats  during  prolonged  K  infusion.  For  each 
rat  data  points  are  plotted  successively  for  u(l) ,  u (2) ,  and 
u(3) . 
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3)  Estimated  potassium  balance  during  the  prolonged  K  infusion: 
normal  diet  group 

Since  the  K  load  infused  over  the  6.5  hour  represents  an  amount  appro¬ 
ximately  equivalent  to  50%  of  total  body  K  content  (assuming  K 
body  stores  equal  to  40  mmol/kgjBW),  it  will  be  useful  to  assess  K 
balance  over  this  period  of  time.  Shown  in  Figure  I. 10a  is  a  plot  of 
K  excretion  vs.  time  for  the  normal  diet  group.  The  midpoint  of  each 
clearance  period,  2.25,  4.25,  and  6.25  hours  for  u(l),  u(2),  and 
u(3)  respectively  is  assigned  to  the  time  axis.  The  mean  K  excre¬ 
tion  rate  for  each  clearance  period  ±  SEM  is  plotted  against  the  Y 
axis.  The  K  excretion  rate  shown  at  zero  hour,  the  start  of  K  in¬ 
fusion,  represents  the  value  measured  for  K  excretion  during  the  con¬ 
trol  period  of  the  low  rate  volume  expansion  experiments  discussed  in 
the  previous  sections  in  which  the  saline  infusion  rate  was  also 
0.3  ml/hr/lOOgBW. 

In  order  to  roughly  calculate  cumulative  K  excretion  over  the  6.5 

hours,  the  four  data  points  have  been  connected.  The  area  under  the  line 

from  zero  to  any  future  time  following  K  infusion  provides  an  estimate 

0 

of  cumulative  K  excretion,  E^,  up  to  that  point.  The  results  of 
this  integration,  manually  performed,  are  shown  in  Figure  I. 10b.  On 
the  same  graph,  a  rising  straight  line  is  drawn  indicating  the  cumula- 

r% 

tive  amount  of  infused  K  Mper  kidney”  (K^)  as  a  function  of  time, 
on  the  assumption  that  each  kidney  excretes  one-half  of  the  infused  K 
load.  Finally,  the  cumulative  net  K  balance  (K?^  -  E^) 
shown  by  the  dashed  line. 


over  time  is 
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Time  after  start  of  K  infusion  (hours) 


Time  after  start  of  K  infusion  (hours) 

Figure  I. 10  a)  as  a  function  of  time  for  prolonged  K  infusion. 

b)  Potassium  balance  over  time  in  prolonged  K  infusion 
experiments.  See  text  for  explanation  of  plots. 
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After  6.5  hours  of  K  infusion,  it  is  clear  that  the  rats  were  well 
on  their  way  towards  eliminating  the  positive  K  balance  accumulated 
earlier.  Net  positive  K  balance  peaked  in  the  neighborhood  of  the 
u(2)  clearance  period  (approximately  +225  umol/kidney)  at  a  time 
when  the  mean  plasma  K  concentration  was  also  highest  among  the  three 
clearance  periods.  By  the  end  of  u(3),  the  positive  K  balance  had 
been  reduced  to  an  estimated  + 140  umol/kidney.  To  linearly  extrapolate 
the  line  beyond  6.5  hours  would  be  unwarranted  since  the  falling 
plasma  K  concentration  would  probably  have  a  moderating  influence  on 
the  rate  of  potassium  excretion.  Thus  the  prolonged  K  infusion  chal¬ 
lenge  appears  to  have  been  effectively  met  by  normal  diet  rats.  No  rats 
died  during  the  course  of  the  experiments. 

D.  K  excretory  plateau 

The  results  from  the  K  infusion  period  in  the  LMH-VE  experiments 
not  only  demonstrate  the  apparent  existence  of  a  K  excretory  plateau 
but  also  suggest  that  the  magnitude  of  the  plateau  may  not  differ  between 
normal  and  High-K  diet  rats.  In  order  to  analyze  this  possibility  more 
rigorously,  it  will  be  useful  to  compare  clearance  data  from  the  two 
diet  groups  for  rats  which  excreted  K  at  the  plateau  level.  An  inspec¬ 
tion  of  Figure  I. 6a  indicates  that  potassium  excretion  relatively  stabi¬ 
lized  when  urine  flow  rate  exceeded  20  ul/min  for  rats  in  both  diet 
groups.  A  comparison  between  the  two  diet  groups  will  therefore  rely 
on  data  collected  from  these  rats. 

The  clearance  results  for  the  seven  normal  diet  and  six  High-K  diet  rats 
which  excreted  K  at  the  plateau  level  during  K  infusion  is  summarized 
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in  Table  1.4.  The  outstanding  point  differentiating  the  two  groups  is 
the  plasma  K  concentration  which  was  3.50  ±  0.09  and  5.47  ±  0.07 
mmol/1  for  the  High-K  and  normal  diet  rats  respectively,  a  difference 
that  is  statistically  significant  (p  <  .001).  The  mean  K  excretion 
rate  was  virtually  the  sane  for  both  groups:  High-K,  2.092  ±  0.058 
umol/min  and  normal  diet,  2.148  ±  0.052  umol/min,  a  difference  that 
is  not  statistically  significant  (p  >  .4).  The  mean  fractional  K 
excretion  rate  for  the  High-K  group  was  significantly  higher  (p  <  .01) 
than  the  normal  diet  group,  88 . 5%  vs.  69.3 %,  reflecting  the  lower 
plasma  K  concentration  among  the  High-K  rats.  Renal  sodium  handling 
was  similar  for  the  two  groups  as  was  urine  flow  rate. 

These  findings  for  the  K  infusion  period  contrast  with  the  results 
from  the  control  period.  Since  a  K  excretory  plateau  was  not  defini¬ 
tely  demonstrated  among  the  normal  diet  rats,  it  is  perhaps  most  useful 
to  compare  the  results  for  the  two  diet  groups  in  the  high  rate  volume 
expansion  experiment.  The  comparative  data  is  shown  in  Table  1.4.  The 
High-K  rats  clearly  distinguished  themselves  from  the  normal  diet  group 
by  excreting  K  at  a  rate  nearly  twice  as  great,  0.892  ±  .079  vs. 
0.442  ±  .070  umol/min,  in  spite  of  a  significantly  lower  (p  <  .001) 
plasma  K  concentration.  Accordingly,  the  fractional  K  excretion 
rate  for  the  High-K  group  was  nearly  three  times  greater  than  normal 
diet  rats.  All  differences  in  potassium  clearance  values  were 
statistically  significant .  Mean  urine  flow  and  sodium  excretion  rate 
were  lower  for  the  High-K  group  so  these  factors  would  not  account  for 
the  higher  rate  of  kaliuresis  demonstrated  by  High-K  rats. 


Table  1.4  Maximum  K  excretion  rates  for  normal  and  High-K  diet  rats  during  control  and 
~  K  infusion  periods  of  LMH-VE 
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Thus  it  appears  that  the  High-K  rats,  which  prior  to  K  infusion  clearly 
outdistanced  normal  diet  animals  in  K  excreting  capability,  were  re¬ 
markably  similar  to  normal  diet  animals  in  their  renal  K  excretion 
response  to  K  infusion.  However,  with  the  K  infusion,  High-K  rats 
showed  the  remarkable  ability  to  excrete  potassium  at  a  rate  comparable 
to  normal  diet  animals  in  spite  of  a  plasma  K  concentration  that  was 
in  the  low  normal  range. 

E.  Prolonged  K  infusion  vs.  short-term  K  infusion 

Since  the  mean  K  excretion  rate  during  u(3)  of  the  prolonged  K 
infusion  experiment  substantially  exceeded  the  K  excretory  plateau 
demonstrated  during  the  LMH-VE  experiments,  it  is  appropriate  to 
consider  the  question  of  whether  the  time  of  exposure  to  K  loading  was 
an  important  determinant  of  renal  K  excreting  capability.  Comp Id¬ 
eating  such  an  appraisal  is  the  fact  that  the  plasma  K  concentrations 
during  u(3)  of  the  prolonged  K  infusion  experiment  averaged  6.35 
mmol/1,  a  value  significantly  higher  (p  <  .001)  than  the  5.^7  mmol/1 
mean  plasma  K  among  normal  diet  rats  excreting  potassium 
at  the  K  excretory  plateau  level  after  two  hours  of  K  infusion.  Also 
to  be  considered  are  whether  other  parameters  of  renal  function  differed. 
To  explore  these  questions,  the  data  from  u(3)  of  the  prolonged  K 
infusion  experiment  will  be  compared  with  the  results  of  those  normal 
diet  animals  excreting  K  at  the  plateau  level  in  the  UYH-VE  experiment 
(’’short-term  K  infusion”).  The  comparison  is  presented  in  Table  1.5. 

The  mean  GFR  was  nearly  identical  for  the  two  groups.  The  prolonged 
K-infused  rats  demonstrated  a  mean  K  excretion  rate  approximately  587 


Table  1.5  Normal  diet  group:  short-term  vs.  prolonged  K  infusion 
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higher  than  the  short-term  K  infusion  group  and  36%  greater  than  the 
K  infusion  rate  of  2.5  umol/min/kidney .  The  difference  in  the  K 
excretion  rate  between  short-term  and  prolonged  K-infused  rats  was  signi¬ 
ficant  (p  <  .001).  The  mean  fractional  K  excretion  rate  was  also 
significantly  greater  (p  <  .01)  among  prolonged  K-infused  rats,  9^  >3% 
vs.  69. 3% 3  notwithstanding  the  higher  plasma  K  concentration  among 
the  prolonged  K-infused  rats.  Mean  Na  excretion  and  urine  flow 
rates  were  also  somewhat  higher  in  the  prolonged  K-infused  group  com¬ 
pared  to  the  short-term  K-infused  rats,  although  only  the  difference  in 
urine  flow  rate  was  statistically  significant.  However,  it  seems  impro¬ 
bable  that  these  factors  accounted  for  the  difference  in  K  excretion 
between  the  two  groups  since  an  Inspection  of  Figures  1.7  and  1.8  clearly 
indicates  that  the  prolonged  K-infused  rats  with  the  lowest  urine  flow 
and  Na  excretion  rates  during  u(3)  had  K  excretion  rates  substan¬ 
tially  greater  than  the  highest  K  excretion  rate  for  any  rat  in  the 
short-term  K-infused  group. 

In  order  to  assess  whether  the  difference  in  mean  plasma  K  concen¬ 
tration  between  the  short-term  K-infused  rats  (5.^7  mmol/1)  and  the  pro¬ 
longed  K-infused  group  (6.35  mmol/1)  was  a  significant  factor  In 
causing  the  different  K  excretion  rates,  plasma  K  concentration  in 
relation  to  K  excretion  rate  was  examined.  Figure  I. 11  shows  a  plot 
of  potassium  excretion  vs.  plasma  K  for  all  rats  in  the  two  groups. 

In  both  groups  a  degree  of  correlation  between  plasma  K  concentration 
and  K  excretion  is  evident,  with  kaliuresis  tending  to  be  greatest 
among  rats  with  the  higher  plasma  K  concentrations. 


( umol/niin/10  OgBW) 
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Figure  I  ..11  Potassium  excretion  in  relation  to  plasma  K  concentration 

during  u(3)  of  prolonged  K  infusion  experiments  and  during 
K  infusion  period  of  IMH-VE  for  normal  diet  rats.  Regression 
equations  for  plotted  lines  are: 

LMH-VE  y  =  0.532x  -  0.760  (r=.73) 

Prolonged  K  infusion  y  =  0.592x  -  0.363  (r=.73) 
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Visual  inspection  of  the  plots  suggests  that  the  two  groups  appear  to 
define  different  vs.  relationships  which  if  extrapolated  would 

not  overlap.  Indeed,  a  statistical  analysis  of  the  data  indicates  that 
the  linear  regression  equations  fitted  to  the  data  for  each  group  have 

slopes  which  are  not  significantly  different  (p  >  .5).  The  two  regres¬ 
sion  equations  may  therefore  be  judged  statistically  to  represent  paral¬ 
lel  lines  separated  by  a  difference  in  K  excretion  of  0.74  ±.7 
umol/min  (p  <  .001).  However,  the  size  of  the  data  sample  is  quite 
small  and  the  validity  of  extrapolating  the  regression  lines  beyond  the 
limits  of  the  respective  data  values  for  each  group  uncertain.  Accord¬ 
ingly,  it  would  be  unreasonable  to  place  great  reliance  on  the  statis¬ 
tical  inferences. 

Taking  all  the  factors  discussed  in  this  section  into  account,  it  seems 
fair  to  conclude  that  the  prolonged  K-infused  rats  manifested  a  higher 
renal  K  excretion  capability  than  short-term  K-infused  rats.  This 
renal  response  appears  to  be  conditioned  more  by  the  difference  in  the 
duration  of  K  loading  than  by  differences  between  the  two  groups  in 
plasma  K,  sodium  excretion,  or  urine  flow  rate. 
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DISCUSSION 


The  principal  findings  of  this  investigation  can  be  summarized  as  follows 

During  the  control  period  of  LMH-VE,  at  moderate  to  high  rates  of  Na 
excretion  and  urine  flow,  High-K  diet  rats  excreted  potassium  at  a  rate 
two  to  three  times  greater  than  normal  diet  rats.  While  undergoing  high 
rate  saline  volume  expansion,  the  High-K  group  demonstrated  a  relatively 
stable  rate  of  K  excretion  independent  of  the  rate  of  solute  or  volume 
diuresis,  whereas  normal  diet  rats  showed  a  tendency  towards  a  modest 
stimulation  of  K  excretion  with  higher  urine  flow  and  sodium  excretion 
rates . 

During  the  K  infusion  period  of  IiYIH-VE  (1-2  hours  after  initiating 
K  loading),  High-K  and  normal  diet  rats  exhibited  a  similar  relation¬ 
ship  bet ween  potassium  excretion  and  urine  flow  rate  or  sodium  excretion. 
K  excretion  rose  in  parallel  with  natriuresis  and  urine  flow  until  an 
apparent  maximal  rate  of  K  excretion  was  established  for  urine  flow 
rates  greater  than  20  ul/min  and  for  sodium  excretion  greater  than 
2.5  umol/min.  The  plateau  level  of  K  excretion  was  not  significantly 
different  between  the  two  diet  groups  and  represented  approximately 
85$  of  the  rate  of  K  infusion.  Among  rats  excreting  at  the  plateau 
level,  the  High-K  diet  group  had  plasma  K  concentrations  in  the  normal 
range  whereas  the  plasma  K  of  normal  diet  rats  was  significantly  ele¬ 
vated. 

During  prolonged  K  infusion  with  concurrent  graded  saline  volume  expan¬ 
sion,  normal  diet  rats  achieved  rates  of  potassium  excretion  between  6.0 
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and  6.5  hours  of  K  loading  approximately  58%  greater  than  the  K 
excretory  plateau  present  after  two  hours  of  K  loading  in  the  LMH-VE 
experiments.  The  rate  of  K  excretion  was  35%  higher  than  the  rate 
of  K  infusion.  This  enhancement  of  renal  K  excretion  during  pro¬ 
longed  K-infusion  appeared  to  represent  a  response  to  the  duration  of 
K  loading,  independent  of  plasma  K  concentration,  sodium  excretion 
or  urine  flow  rates. 

1.  Renal  K  excretory  plateau 

Prior  to  K  infusion  in  the  LMH-VE  experiments,  K  excretion  in  the 
normal  diet  group  tended  to  increase  with  sodium  excretion  and  urinary 
flow  rate  for  all  levels  of  saline  volume  expansion.  The  presence  of  a 
K  excretory  plateau  was  not  demonstrated.  However,  K  excretion  rates 
were  quite  scattered  in  the  high  flow  rate  range,  and  therefore  a  firm 
conclusion  regarding  a  renal  K  excretory  plateau  cannot  be  reasonably 
drawn. 

The  urinary  K  excretion  data  from  the  experiments  of  Khuri  et  al  (36) 
in  which  rats  were  also  subjected  to  three  different  rates  of  saline 
volume  expansion  reveal  findings  similar  to  those  in  the  present  experi¬ 
ments.  Shown  in  Figure  1.12  is  a  comparison  of  the  Khuri  et_ al  results 
with  those  from  the  present  study.  The  potassium  excretion  and  urine 
flow  rate  data  for  normal  diet  rats  in  the  LMH-VE  experiments  have 
been  grouped  into  four  flow  rate  ranges:  0-1,  1-5,  5-20,  and  >  20  ul/min 
with  the  mean  E^  and  Vu  ±  SEM  shown  for  each  group.  In  comparing  the 
plots  from  the  two  studies,  it  appears  that  saline  loaded  rats  have  the 
capacity  to  augment  K  excretion  as  the  rate  of  diuresis  increases,  but 
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Figure  I . 12  Potassium  excretion  in  relation  to  urine  flow  rate.  The 
line  connecting  the  triangles  represents  data  frcrn  Khuri 
et  al  (36) .  The  results  from  control  period  of  the  LMH-VE 
experiments  in  normal  diet  rats  are  plotted  in  the  lower 
line.  Mean  and  V  ±  SEM  are  shown  for  the  data  which 

has  been  grouped  into  four  flew  rate  ranges:  0-1,  1-5, 
5-20,  and  greater  than  20  ul/min/lOOgBW. 
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that  the  enhancement  of  K  excretion  with  increased  urine  flow  rate 
progressively  diminishes. 

The  High-K  diet  rats  during  the  control  period  maintained  a  relatively 
constant  potassium  excretion  rate,  approximately  two  to  three  times  that 
of  normal  diet  rats,  when  urine  flow  ranged  from  12  to  28  ul/min.  A 
K  excretory  plateau  appears  to  be  present  for  High-K  diet  rats  over 
this  flow  rate  range.  Whether  higher  rates  of  solute  and  volume  diuresis 
(as  seen  subsequently  during  the  K  infusion  period)  would  have  further 
enhanced  K  excretion  is  not  known. 

A  higher  pre-K  loading  K  excretion  rate  among  K-adapted  rats  as  com¬ 
pared  to  normal  diet  rats  was  also  observed  by  Adam  and  Dawbom  (1). 
"Basal"  K  excretion  rates  in  unanaesthetized,  fasted  rats  following  a 
4  ml  intra-gastric  water  load  were  nearly  five  times  greater  for 
K-adapted  animals  as  compared  to  normal  diet  rats.  Wright  et  al  (62), 
on  the  other  hand,  found  rates  of  kaliuresis  in  fasted,  K-adapted  rats 
prior  to  K  loading  to  be  approximately  one-half  that  of  normal  diet 
rats.  Mannitol  was  added  to  the  saline  infusion  in  the  Wright  et  al 
experiments,  and  mean  urinary  flow  rate  for  both  normal  and  High-K  diet 
rats  was  approximately  9  ul/min/lOCgBW,  somewhat  below  the  urine  flow 
rate  at  which  differences  in  K  excretion  rates  between  normal  and  High-K 
rats  became  most  obvious  in  the  present  study.  However,  these  consider¬ 
ations  would  not  appear  to  explain  the  discrepant  results.  The  reason  for 
the  different  findings  is  not  apparent. 

Once  K  excretion  is  stimulated  by  IV  K  loading,  an  apparent  maximal 
renal  K  excretion  capability  in  response  to  saline  loading  is  demon¬ 
strated  in  both  diet  groups.  This  finding  is  in  accord  with  the  results 
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of  Rapaport  and  West  (49),  Cade  and  Shalhoub  (15)  and  Gonick  et  al  (25) 
discussed  in  the  Introduction.  In  these  studies  on  dogs,  a  K  excre¬ 
tory  plateau  was  demonstrated  similarly  in  the  setting  of  an  acute  IV 
loading  stimulus  to  K  excretion:  Na^SO^  (15,49)  or  KC1  (25).  The 
K  excretory  plateau  observed  by  these  investigators  and  in  the  present 
experiments  may  have  resulted  from  a  number  of  renal  and/or  extra-renal 
factors  which  are  known  to  influence  K  excretion.  Discussed  below 
are  a  number  of  these  considerations. 

a)  Distal  tubular  flow  rate 

As  discussed  in  the  Introduction,  luminal  fluid  flow  rate  is  a  primary 
determinant  of  the  magnitude  of  K  secretion  in  the  late  distal  tubule 
(26,27).  If  it  is  assumed  that  urinary  K  excreted  during  high  urine 
flow  rates  induced  by  saline  loading  originates  largely  from  distal 
tubular  K  secretion,  it  can  be  argued  that  the  excretory  plateau 
arises  as  a  consequence  of  a  constant,  perhaps  maximal  rate  of  distal 
tubular  flow  rate.  That  is,  the  range  of  urine  flow  rates  over  which 
K  excretion  stabilized  may  reflect  a  variable  rate  of  collecting  duct 
fluid  transport  and  not  variability  in  distal  tubular  flow  rate. 

Distal  tubular  flow  rates  were  not  measured  during  the  course  of  this 
study  so  the  validity  of  this  argument  has  not  been  established.  How¬ 
ever,  it  is  well  established  that  greater  volume  and  solute  loads  are 
delivered  to  the  distal  tubule  during  Na  and/or  K  loading  (11,16,36, 
37,40,43,62).  Since  both  the  late  distal  tubule  and  the  collecting  duct 
are  target  sites  for  the  action  of  ADH  (28,30,45,61,65) ,  it  would  be 
anticipated  that  late  distal  tubular  flow  rates  would  correlate  to  some 
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extent  with  urinary  flow  rate.  The  data  presented  in  Figure  1.13  offers 
some  substantiation  of  this  possibility.  Shown  are  the  results  from 
three  experiments  during  which  distal  tubule  and  urine  flow  rate  were 
measured  during  the  course  of  saline  volume  expansion  (36,39,51).  Appa¬ 
rent  from  the  figure  is  that  increases  in  late  distal  flow  rates  corres¬ 
pond  to  proportionate  elevations  of  urine  flow  rates.  The  range  of 
urine  flow  rate  recorded  among  these  studies  is  comparable  to  that  ob¬ 
served  in  the  present  investigation.  However,  since  only  a  limited 
number  of  late  distal  tubule  and  urine  flow  rate  measurements  were  docu¬ 
mented  in  each  study,  the  exact  nature  of  the  late  distal  tubule-urine 
flow  rate  correlation  is  uncertain. 

b)  Suppression  of  aldosterone  secretion  by  volume  expansion 

Because  of  the  wide  variation  in  measured  urine  and  Na  excretion  rates 
among  the  H-VE  rats  during  the  K  infusion  period,  it  is  possible 
that  some  rats  retained  relatively  more  of  the  isotonic  solution  infused 
prior  to  this  time  (four  hours)  and  thus  were  more  severely  volume 
expanded  than  others.  By  this  reasoning,  the  rats  demonstrating  the 
highest  rates  of  diuresis  during  the  K  infusion  period  may  have  sus¬ 
tained  a  higher  degree  of  ECF  volume  expansion  earlier  than  rats  with 
lesser  urine  flow  rates.  Since  aldosterone  secretion,  an  important  sti¬ 
mulus  to  K  excretion  (18,21,31,59,60),  is  suppressed  by  volume  expan¬ 
sion  (52),  it  may  therefore  be  argued  that  circulating  aldosterone  levels 
in  the  H-VE  rats  with  the  highest  urinary  flow  rates  were  less  than 
those  H-VE  rats  with  lower  urine  flow  rates.  This  then  would  tend  to 
suppress  any  tendency  towards  higher  rates  of  K  excretion  among  rats 
having  the  highest  rates  of  diuresis. 


-  51  - 


Late  distal  tubule  flow  rate  (nl/min) 


Figure  1.13  The  relationship  between  late  distal  tubular  flow  rate 
and  urine  flow  rate.  Data  is  taken  fron  reference  36 
(circles) ,  51  (triangles) ,  and  39  (squares) .  Urine  flow 
rate  data  normalized  to  lOOgBW  per  kidney  as  appropriate. 


' 
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It  is  well  documented  that  adrenal  aldosterone  secretion  is  enhanced 
directly  by  elevated  plasma  K  concentrations,  an  effect  that  has  been 
shown  to  be  independent  of  volume  status  or  sodium  balance  (9,10,17). 

Even  so,  it  is  not  known  whether  the  direct  stimulatory  effect  of  ele¬ 
vated  plasma  K  concentration  on  aldosterone  secretion  can  be  signi¬ 
ficantly  blunted  by  the  high  rates  of  volume  expansion  employed  in  this 
study.  This  has  not  been  specifically  investigated  in  the  rat. 

c)  Collecting  duct  reabsorption 

The  possibility  that  the  collecting  duct  reabsorbs  a  greater  proportion 
of  K  secreted  by  the  distal  tubule  with  increased  collecting  duct  flow 
rates,  thereby  offsetting  any  tendency  towards  increased  K  excretion, 
seems  quite  remote.  K  transport  activity  in  the  rat  collecting  duct 
is  generally  believed  to  be  dependent  on  the  "contact  time"  of  the 
luminal  fluid  passing  the  collecting  duct  epithelial  cells  (23,51,65). 
Higher  flow  rates  reduce  contact  time  and  as  a  consequence  net  K  trans¬ 
port  rates.  The  results  from  several  studies  point  to  the  fact  that 
during  high  rates  of  saline  induced  diuresis  with  concurrent  K  infusion, 
the  fractional  excretion  of  K  is  virtually  unchanged  from  the  end  of 
the  late  distal  tubule  to  the  collecting  duct  (36,43,51). 

d)  Distal  tubule  K  secretion  transport  maximum 

The  urinary  potassium  measured  in  these  experiments  arose  potentially 
from  several  sources  which  correlate  with  presently  known  segmental  nephron 
handling  of  potassium:  K  filtered  at  the  glomerulus  which  escapes  reab¬ 
sorption  by  the  proximal  tubule  and  loop  of  Henle,  net  secretion  of  potas¬ 
sium  by  the  distal  convoluted  tubule,  and  net  secretion  by  the  various 
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anatomical  segments  of  the  collecting  duct  (66).  There  is  no  experimental 
evidence  to  suggest  that  the  collecting  duct  makes  a  substantial  contri¬ 
bution  to  urinary  potassium  during  high  rates  of  saline  volume  expansion. 
As  already  noted,  fractional  excretion  of  potassium  as  measured  at  the 
end  of  the  late  distal  tubule  has  been  found  to  approximate  that  mea¬ 
sured  in  the  urine. 

Unreabsorbed  filtered  potassium,  however,  may  have  been  a  significant 
factor  in  these  experiments.  As  pointed  out  by  Giebisch,  the  increased 
K  load  delivered  to  the  distal  tubule  with  high  rates  of  volume  expan¬ 
sion  may  contribute  significantly  to  urinary  K  (23).  Since  early 
distal  K  concentrations  during  volume  expansion  tend  to  remain  un¬ 
changed  or  perhaps  slightly  increased  relative  to  hydropenic  conditions 
(36,39,51)j  the  unreabsorbed  proximal  K  delivered  ultimately  to  the 
urine  would,  if  anything,  tend  to  rise  with  increased  rates  of  volume 
expansion.  Accordingly,  a  proximal  nephron  role  in  limiting  K  excre¬ 
tion  capability  seems  unlikely,  unless  the  increased  proximally  delivered 
K  loads  to  the  distal  nephron  actually  serve  to  depress  distal  tubular 
secretion. 

There  remains,  then,  the  possibility  that  the  distal  tubule’s  K  secre¬ 
ting  capability  was  maximized  during  the  saline  loading.  Prior  to  K 
infusion,  it  seems  probable  that  even  with  high  rates  of  saline  volume 
expansion,  K  secretion  in  the  distal  tubule  was  not  maximal  in  normal 
diet  rats  since  urinary  K  excretion  showed  a  tendency  to  rise  over  the 
entire  range  of  observed  urine  flow  and  Na  excretion.  However,  with 
K  loading,  although  the  distal  tubule’s  K  secreting  capability  was 
undoubtedly  enhanced,  a  maximal  rate  of  secretory  transport  may  have 
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become  manifest  within  the  range  of  distal  tubular  flow  rates  induced 
by  the  volume  expansion. 

The  micropuncture  experiments  relevant  to  this  question  (summarized  in 
the  Introduction)  were  primarily  designed  to  characterize  flow-dependent 
K  secretion  in  the  distal  tubule;  the  existence  of  a  K  transport 
maximum  was  not  specifically  examined  .  As  noted  earlier,  the  findings 
of  these  studies  cannot  be  reasonably  interpreted  in  a  manner  germane 
to  the  question  of  a  K  secretion  transport  maximum. 

In  the  context  of  the  present  study,  among  the  known  mediators  of  distal 
tubular  K  secretion,  two  can  quite  reasonably  be  implicated  as  deter¬ 
minants  of  the  magnitude  of  a  presumed  maximal  distal  tubular  K  trans¬ 
port  capacity:  plasma  K  concentration  and  circulating  aldosterone 
levels.  As  K  loading  raises  plasma  K,  two  effects  of  consequence  to 
the  distal  tubule  would  follow:  (1)  a  direct  stimulation  of  the  adrenal 
gland’s  aldosterone  output  (9,10) ,  and  (2)  enhanced  rates  of  peritubu¬ 
lar  K  uptake  by  the  distal  tubule  cells  leading  to  an  increased  cellu¬ 
lar  K  content  and  an  augmented  secretory  capability  (19,23).  The  degree 
of  stimulation  afforded  by  these  linked  mechanisms  would  determine  the 
magnitude  of  distal  tubular  response  to  K  loading. 

2.  Hlgh-K  vs.  Normal  diet  rats 

An  important  question  arising  from  the  experiments  is  why  the  K  secre¬ 
tory  behavior  of  High-K  diet  rats  was  so  remarkably  similar  to  normal 
diet  rats  during  K  loading,  with  the  important  distinction,  of  course, 
that  High~K  animals  manifested  K  secretion  rates  comparable  to  normal 
diet  animals  in  spite  of  a  significantly  lower  plasma  K  concentration. 
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First,  it  should  be  noted  that  since  the  purpose  of  the  study  was  not 
to  Investigate  K  adaptation  per  se,  a  moderate  rate  of  K  infusion 
was  chosen  so  that  the  lethal  effects  of  an  acute  K  challenge  would 
not  be  encountered.  Indeed,  none  of  the  experimental  animals  died.  It 
seems  certain  that  the  High-K  diet  rats  were  not  significantly  stressed 
by  the  IV  K  load  since  plasma  K’s  in  this  group  did  not  exceed 
the  normal  range.  This  undoubtedly  accounts  for,  in  part,  the  "failure” 
to  document  an  enhanced  rate  of  K  excretion  by  K-adapted  compared  to 
normal  diet  rats  during  an  acute  K  challenge.  Studies  describing 
this  phenomenon  enployed  K  loads  that  resulted  in  significant  letha¬ 
lity  to  normal  diet  animals  (1,47,62). 

Also  of  importance  in  judging  the  results  of  normal  and  High-K  rats  is 
that  the  latter  group,  when  subjected  to  H-VE,  had  plasma  K  concen¬ 
trations  averaging  only  2.50  mmol/1  during  the  control  period.  This 
suggests  that  total  body  potassium  stores  may  have  been  somewhat  depleted. 
High-K  rats  might  have  had  inappropriately  high  rates  of  K  excretion 
during  the  pre-experiment al  fasting  period,  a  possibility  that  is  enpha- 
sized  by  the  significantly  higher  rates  of  K  excretion  exhibited  by 
the  High-K  group  compared  to  normal  diet  rats  during  the  experimental 
control  period.  It  appears  that  High-K  rats  may  be  quite  sensitive  to 
an  acute  withdrawal  from  dietary  K  intake,  perhaps  reflecting  an  ina¬ 
bility  to  readjust  homeostatic  mechanisms  tuned  to  a  high  daily  rate  of 
K  excretion.  After  15  hours  of  fasting  (during  which  access  to  tap 
water  was  permitted),  it  seems  probable  that  K-adapted  but  relatively 
K-depleted  rats  were  brought  to  the  experimental  table. 
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If  it  is  assumed  that  the  High-K  animals  had  developed  pre-experimentally 
a  degree  of  K  depletion,  then  the  K  infusion  served  in  part  to  re¬ 
plete  body  K  stores.  Hence  the  excretory  plateau  observed  for  the 
High-K  rats  approximated  85$  of  the  K  infusion  rate  (as  it  was  for 
the  normal  diet  group).  It  is  noteworthy  that  at  the  end  of  the  two 
hour  K  infusion  period,  plasma  K  concentrations  among  the  High-K 
rats  were  within  the  normal  range  irrespective  of  the  rate  of  saline 
loading.  This  observation  further  emphasizes  the  remar kab i li ty  of  the 
High-K  rats’  homeostatic  adaptation  to  the  enriched  potassium  diet,  for 
they  are  able  to  excrete  K  at  a  relatively  high  rate  even  at  normal 
plasma  K  concentrations . 

As  pointed  out  by  Silva  et_  al  ( 56 ) ,  some  of  the  controversy  in  the 
literature  regarding  the  role  of  renal  and  non-renal  factors  in  K 
adaptation  (see  for  example  references  1-3)  may  arise  from  different 
states  of  K  balance  among  K-adapted  rats  in  the  various  experimental 
studies,  some  of  which  included  pre-experimental  fasting  while  others 
did  not.  Silva  et_  al  theorized  that  extra-renal  K  adaptation,  that  is, 
the  buffering  of  plasma  K  concentration  by  body  tissues  during  an  acute 
K  load  challenge,  may  be  accounted  for  in  part  by  unrecognized  relative 
total  body  K  depletion  among  K-adapted  animals  in  some  studies. 

Finally,  it  should  be  noted  that  although  K  loading  induced  a  similar 
renal  K  excretory  response  among  High-K  and  normal  diet  rats,  the  dif¬ 
ference  in  systemic  consequences  was  particularly  underscored  when  the 
duration  of  the  K  infusion  was  extended.  Normal  diet  rats  augmented 
their  rate  of  kaliuresis  substantially  during  prolonged  K  infusion  thus 
avoiding  a  toxic  accumulation  of  body  potassium.  High-K  rats  on  the  other 
hand  responded  to  the  short-  and  long-term  K  loading  with  a  K  excre- 
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tion  rate  which ,  though  equal  to  or  less  than  the  normal  diet  group, 
easily  afforded  protection  from  systemic  K  toxicity  while  simultan¬ 
eously  repleting  apparently  low  potassium  body  stores.  K  excretion 
rates  for  the  High-K  group  appeared  to  be  entirely  appropriate  to  the 
level  of  the  K  load  challenge. 

3.  Prolonged  acute  K  infusion 

That  prolongation  of  acute  IV  K  loading  beyond  two  hours  most  likely 
resulted  in  an  augmented  renal  K  excretory  capability  is  an  important 
conclusion  of  this  study.  Normal  diet  animals  that  were  K  infused  for 
6.5  hours  demonstrated  K  excretion  rates  averaging  136$  of  the  rate 
of  K  infusion  compared  to  86$  for  rats  K  Infused  for  a  period  of 
2  hours.  K  excretion  for  the  latter  group  was  found  to  be  the  highest 
rate  inducible  by  high  rate  saline  loading.  This  enhancement  of  renal 
K  excretion  response  to  K  loading  over  time  might  be  characterized 
as  ’’acute  K  adaptation”  in  contrast  to  the  well  documented  pheno¬ 
menon  of  K  adaptation  associated  with  chronic  high  potassium  dietary 
intake  (1,3557}62). 

Other  studies  in  rats  have  reported  an  induction  of  the  K-adapted  phy¬ 
siological  state  after  a  relatively  short  period  of  dietary  K  supple¬ 
mentation.  Adam  and  Dawbom  (1)  found  that  adaptation  could  be  demon¬ 
strated  after  24  hours  of  high  dietary  K  intake.  Hohenneger  (34) 
observed  that  48  hours  following  K  dietary  supplementation,  rats 
could  ’’escape”  an  amiloride  induced  depression  of  K  excretion.  Re¬ 
cently,  Stanton  and  Giebisch  reported  in  abstract  (57)  that  distal 
tubular  K  secretion  in  hydropenic  rats  was  significantly  increased 
over  tine  during  acute  KC1  loading. 
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Since  in  the  present  experiments,  the  enhanced  rate  of  K  excretion 
during  prolonged  K  infusion  was  associated  with  higher  plasma  K 
levels  when  compared  to  rats  subjected  to  short-term  K  loading,  the 
stimulatory  effect  of  the  more  elevated  plasma  K  may  have  contributed 
at  least  in  part  to  the  observed  difference  in  K  excretion.  However, 
for  several  reasons,  the  duration  of  K  loading  most  likely  had  an 
effect  independent  of  plasma  K  concentration.  First,  after  4.5  hours 
of  K  loading  (u(2)),  the  mean  plasm  K  concentration  was  actually 
higher  than  after  6.5  hours  (u(3)).  In  spite  of  the  falling  plasm 
K  between  the  second  and  third  clearance  periods,  the  absolute  and 
fractional  K  excretion  rates  rose  significantly.  Secondly,  the  compari¬ 
son  of  the  plasm  K  and  K  excretion  data  for  individual  rats  shown  in 
Figure  1. 11  demonstrates  that  among  the  short-term  K- loaded  rats,  those 
with  the  highest  plasm  K  values  still  had  K  excretion  rates  substan¬ 
tially  below  those  of  rats  in  the  prolonged  K  infusion  experiments . 

The  presumed  enhanced  K  excretory  capability  of  the  kidney  after  pro¬ 
longed  K  loading  my  have  resulted  from  a  number  of  factors.  First, 
it  seems  probable  that  aldosterone  plasm  levels  may  have  been  progres¬ 
sively  augmented  by  the  prolonged  K  infusion.  Also,  it  is  relevant 
to  point  out  that  the  time  course  of  the  renal  response  to  aldosterone 
stimulation,  which  involves  RNA  and  protein  synthesis,  evolves  over 
time.  Figmognari  et_  al  found  that  after  a  single  subcutaneous  injection 
of  aldosterone  into  rats,  plasma  aldosterone  concentrations  peaked  after 
one-half  hour  but  the  maximum  rate  of  kaliuresis  did  not  occur  until  after 
3  hours  (21).  Thus  the  level  of  the  endogenous  aldosterone  "dose"  as 
well  as  the  time  course  of  the  renal  response  to  its  effect  my  have  been 
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significant  factors  in  the  enhancement  of  K  excretion  rates  after 

6.5  hours  of  K  loading.  Finally,  it  is  conceivable  that  the  prolonged 
period  of  volume  expansion  and/or  K  loading  may  have  progressively 
inhibited  proximal  tubule  and  loop  of  Henle  K  reabsorption  resulting 

in  the  delivery  of  a  greater  proportion  of  filtered  K  to  the  urine. 

Irrespective  of  the  mechanisms  involved,  the  response  of  normal  diet 
rats  to  prolonged  acute  IV  K  infusion  is  clearly  adaptive.  As  demon¬ 
strated  in  the  analysis  of  estimated  K  balance  during  the  6.5  hour 
K  infusion  period,  by  the  end  of  the  experiment,  the  rats  have  clearly 
augmented  K  excretion  sufficiently  to  begin  lowering  the  elevated 
plasma  K  as  well  as  eliminating  an  accumulated  body  K  surplus. 

Whether  such  an  adaptive  response  would  have  been  demonstrated  in  the 
absence  of  the  very  high  rates  of  saline  volume  expansion  employed  in 
this  experiment  is  not  known.  However,  it  is  significant  that  after 

4.5  hours  of  K  infusion,  up  to  which  point  saline  had  been  infused 
at  a  relatively  modest  rate,  all  but  one  of  the  seven  rats  were  already 
excreting  K  more  rapidly  than  the  K  infusion  rate. 

In  summary,  the  results  of  this  investigation  suggest  that  saline  loading 
with  concurrent  IV  K  loading  in  the  rat  induces  a  parallel  rise  of 
kaliuresis  with  urine  flow  and  Na  excretion  until  a  plateau  level  of 
K  excretion  is  reached  after  which  further  progression  in  the  diuresis 
produces  no  additional  increase  in  K  excretion.  A  K  excretory  plateau 
is  demonstrated  both  for  normal  and  High-K  diet  rats.  However,  High-K 
rats  exhibit  a  plateau  K  excretion  rate  comparable  to  normal  diet  animals 
but  at  a  significantly  lower  plasma  K  concentration.  The  maximum  K 
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excretion  rate  in  response  to  K  loading  appears  to  depend  on  the  length 
of  time  that  the  rat  is  exposed  to  acute  IV  K  loading;  over  time,  the 
renal  K  excretory  capability  is  progressively  enhanced.  It  seems  pro¬ 
bable  that  the  renal  K  excretory  plateau  represents  a  temporally-bound, 
characteristic  parameter  of  renal  K  excretory  function  which  may 
change  dynamically  depending  on  the  degree,  efficacy,  and  duration  of 
the  stimulus  to  K  excretion. 


PART  II:  MATHEMATICAL  MODELS  OF  FLOW-DEPENDENT 
DISTAL  TUBULAR  POTASSIUM  SECRETION 


A.  MOMTON 


The  rate  of  tubular  fluid  flow  has  been  shown  to  be  an  important  deter¬ 
minant  of  the  magnitude  of  potassium  secretion  in  the  rat  distal  convo¬ 
luted  tubule  (27,36,39351).  The  presentation  here  in  Part  II  explores 
at  a  theoretical  level,  a  number  of  known  and  postulated  aspects  of 
distal  tubular  membrane  transport  behavior  which  may  account  for  this 
flow— dependent  K  secretory  phenomenon.  Several  models  of  distal  tubule 
K  secretion  based  on  mathematical  formulations  of  membrane  transport 
kinetics  will  be  developed  and  analyzed.  The  modeling  approach  will 
also  permit  a  theoretical  assessment  of  the  suggestion  raised  in  Part  I 
that  distal  tubular  K  secretory  capacity  may  be  bounded  by  a  transport 
maximum.  Experimentally  derived  in  vivo  kinetic  data  will  be  utilized 
to  provide  meaningful  quantification  of  the  K  secretory  behavior  of 
the  mathematical  models. 

Preliminarily,  it  will  be  useful  to  consider  the  cellular  model  of  distal 
tubular  K  transport  proposed  by  Giebisch  (22),  which  conveniently 
identifies  and  characterizes  the  generally  agreed  upon  key  features  of 
membrane  transport  in  a  "typical"  distal  tubular  K  secretory  cell 
(Figure  II. 1).  The  transepithelial  electrical  gradient  (-20  to  -40  mv, 
lumen  negative)  is  favorably  poised  to  promote  secretion  of  the  potassium 
cation.  The  potential  gradient  arises  in  park  from  the  indicated  differ¬ 
ences  in  ion  permselectivity  of  the  basolateral  and  luminal  membranes, 
the  latter  being  relatively  more  permeable  to  sodium  and  as  a  consequence, 
depolarized  in  relation  to  the  basolateral  membrane.  An  active  "reabsorptive 
potassium  pump"  transporting  K  from  the  lumen  to  the  cell  is  postulated 
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Figure  II. 1  Schematic  diagram  of  late  distal  tubule  potassium 
secretory  cell  (adapted  frcm  Giebisch,  22) .  See 
text  for  description. 
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to  lie  within  the  luminal  membrane.  On  the  blood  side,  K  is  accumulated 
and  Na  extruded  from  the  cell  by  the  familiar  Na-K-ATPase  dependent 
membrane  transport  system.  Rheogenic  ion  pumping  by  any  of  the  carrier- 
mediated  transport  mechanisms  depicted  would  contribute  to  the  electrical 
polarization  of  the  respective  membranes.  Cellular  potassium  is  con¬ 
centrated  relative  to  the  blood  and  luminal  fluid,  though  estimates  of 
its  chemical  activity  vary  considerably  -  from  45  to  150  mmol/1  (13, 
14, 35,60,65) .  The  cellular  units  of  the  distal  tubule  are  generally 
considered  to  be  tightly  linked  at  their  apical  borders  by  "tight  junc¬ 
tions."  The  distal  tubule  is  thus  categorized  among  the  so-called  "tight 
epithelia"  in  which  the  predominant  mode  of  transepithelial  ion  and  fluid 
transport  is  transcellular  rather  than  paracellular  (8). 

In  order  to  appreciate  the  kinetic  basis  for  and  mechanisms  of  flow- 
dependent  K  secretion  in  light  of  this  briefly  described  cellular  model, 
consideration  must  be  given  to  the  manner  in  which  the  ion  fluxes  across 
each  membrane,  both  passive  and  carrier-mediated  components,  are  modified 
by  changes  in  the  rate  and  composition  of  fluid  flowing  past  the  luminal 
membrane.  It  might  be  said  that  we  need  to  characterize  the  dynamic 
behavior  of  such  a  cell  and  its  response  to  imposed  luminal  changes.  For 
instance,  presume  for  the  moment  that  the  cell  as  depicted  is  in  a  steady 
state  wherein,  among  other  kinetic  events,  a  net  secretory  flux  of  K  is 
being  transported  from  blood  to  lumen.  The  concentrations  of  K  in  the 
cell  and  in  the  fluid  flowing  past  the  luminal  membrane  would  be  constant 
in  this  steady  state.  If  then,  tubular  fluid  with  a  higher  rate  of  flow 
is  abruptly  directed  past  the  luminal  membrane  (which  for  the  purposes 
here  will  be  assumed  to  result  initially  in  a  lowering  of  the  luminal  K 
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concentration),  the  steady  state  will  be  transiently  perturbed,  thus 
initiating  potentially,  though  not  necessarily,  a  number  of  alterations 
in  the  transmembrane  ion  fluxes  and  possibly  a  set  of  responses  by  the 
various  membrane  transport  mechanisms. 

If  the  sum  effect  of  this  cellular  response  results  in  a  fall  in  the 
luminal  K  concentration  directly  proportionate  to  the  rise  in  the 
luminal  flow  rate,  then  such  a  cell  would  be  characteristic  of  a  cell  in 
the  Giebisch  ''transport-limited"  secretion  model.  K  secretion  would 
be  constant  and  independent  of  flow  rate.  If,  on  the  other  hand,  appro¬ 
priate  adjustments  in  transmembrane  ion  fluxes  occur  which  permit  the 
restoration  of  the  luminal  K  concentration  to  that  which  was  present 
at  the  lower  flow  rate,  a  "flow-limited"  secretory  behavior  would  result  - 
the  rate  of  K  secretion  would  be  linearly  proportional  to  the  rate  of 
tubular  flow.  These  two  Giebisch  paradigms  of  secretory  epithelial  trans¬ 
port  behavior  (22)  have  been  discussed  earlier,  and  the  graphical  sche- 
matization  of  each  model  is  again  depicted  in  Figure  II. 2a. 

The  Giebisch  cellular  model,  together  with  the  two  described  secretory 
paradigms,  are  particularly  helpful  here,  for  they  direct  our  attention 
very  specifically  to  questions  that  if  answerable,  would  offer  considerable 
insight  into  the  basis  of  flow-dependent  K  secretion.  For  instance, 
what  effects  do  changes  in  luminal  flow  rate  and  ionic  composition  have 
on  membrane  electrical  potentials,  the  activity  and  rheogenicity  of  the 
carrier-mediated  transport  mechanisms,  cellular  K  concentration,  and 
membrane  ion  permeability  characteristics?  By  and  large,  data  regarding 
such  dynamic  aspects  of  the  distal  tubular  epithelium  is  limited  to  a 
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Figure H. 2  Hypothetical  relationship  of  luminal  flow _ r ate _ to  luminal 
K  concentration  and  K  secretion,  a)  is  adapted  from 
Giebisch  (22) . 
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small  number  of  experimental  observations.  Thus  the  Giebisch  models, 
while  helpful  in  defining  some  of  the  questions  to  be  explored,  in  the 
absence  of  further  data,  do  not  a_  priori  define  the  mechanism  or  basis 
of  flow-dependent  K  secretory  transport.  Indeed,  it  should  be  evident 
that  the  cellular  model,  as  characterized,  would  be  consistent  with  flow- 
limited  or  transport-limited  K  secretory  behavior. 

Additionally,  it  should  be  recognized  that  an  inherent  limitation  of  a 
single  cell,  static  model  of  K  transport  is  that  it  may  obscure  or 
inadequately  prepare  one  to  anticipate  the  aggregate  operation  of  such 
single  cell  units  disposed  along  a  tubular  epithelium,  the  axial  dimension 
of  which  is  two  orders  of  magnitude  greater  than  the  transepithelial 
dimension.  For  this  reason,  compartment  kinetics  and  the  mathematical 
approaches  applied  to  such  systems  are  inappropriate  here. 

What  then  are  the  dynamic  properties  of  K  transport  in  the  distal  con¬ 
voluted  tubule  which  mediate  the  flow-dependent  K  secretory  phenomenon? 
While  a  full  answer  to  this  question  necessarily  awaits  further  experi¬ 
mental  data  and  observation  regarding  distal  tubule  membrane  transport 
processes,  it  is  the  purpose  of  this  presentation  to  propose,  at  a  theo¬ 
retical  level,  a  more  dynamic  description  of  the  distal  tubule  which 
builds  on  the  precepts  of  the  Giebisch  cellular  model.  The  objective  is 
to  provide  a  theoretical  basis  for  conceptualizing  flow-dependent  K 
secretory  kinetics. 

The  theoretical  analysis  will  focus  chiefly  on  a  detailed  examination  of 
one  model  of  K  secretion  which  incorporates  a  number  of  physiologically 
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plausible  membrane  and  cellular  properties  which  are  postulated  to  opti¬ 
mize  the  potential  for  flow-limited  secretory  behavior.  Briefly  stated, 
the  "optimized  model"  develops  from  the  following  considerations.  If 
we  presume  that  increases  in  luminal  flow  rate  have  a  tendency  to  lower 
luminal  K  concentration,  two  direct  consequences  can  be  predicted  to 
result  that  would  tend  to  limit  the  epithelium's  capability  to  augment  K 
secretion  with  increased  flow  rate.  First,  the  reduced  luminal  K  con¬ 
centration  would  establish  a  chemical  gradient  favorable  at  least  trans¬ 
iently  to  a  net  efflux  of  K  from  the  cell  to  lumen.  If  the  net  influx 
of  K  across  the  basolateral  membrane  were  not  increased  to  compensate, 
the  consequence  would  be  a  tendency  towards  a  lower  steady  state  cell 
K  concentration,  and  all  other  things  being  equal,  a  reduced  net  secre¬ 
tory  flux  of  K  from  cell  to  lumen.  Secondly,  the  lowered  luminal  K 
concentration  would  tend  to  increase  the  polarization  of  the  luminal 
membrane  (which  in  part  arises  from  a  K  diffusion  potential)  thus 
favoring  a  reduced  net  K  secretory  flux  across  the  luminal  membrane. 

In  sum,  the  net  result  would  be  a  reduction  of  the  electrochemical  poten¬ 
tial  for  K  secretory  transport. 

An  optimal  K  secretory  cell  is  therefore  viewed  as  one  which  would 
resist  these  two  changes :  it  would  maintain  a  constant  ceil  K  concen¬ 
tration  and  luminal  membrane  PD  independent  of  luminal  conditions.  To 
couplet e  the  description  of  such  a  cell  in  a  manner  amenable  to  mathema¬ 
tical  modeling,  it  remains  to  define  the  kinetics  of  the  luminal  membrane 
reabsorptive  pump,  a  discussion  which,  for  the  present,  will  be  deferred. 
Beginning  with  a  model  incorporating  these  principles,  the  analysis  pro¬ 
ceeds  to  consider  alternative  postulates  regarding  the  luminal  membrane 
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PD,  cell  K  variability,  and  the  kinetics  of  the  luminal  membrane 
reab sorptive  pump. 

The  purpose  of  the  mathematical  modeling  is  not  to  argue  strongly  in 
favor  of  a  particular  view  of  distal  tubule  mechanisms  and  epithelial 
properties  important  to  K  secretory  kinetics.  Rather,  the  aim  is  to 
define  a  plausible  set  of  alternative  postulates  regarding  distal  tubular 
membrane  and  cell  properties,  to  examine  the  K  secretory  behavior  of  a 
tubular  epithelim  modeled  on  the  basis  of  such  properties,  and  to  iden¬ 
tify  the  distinctive  kinetics  of  each  model  in  a  manner  that  permits 
the  correlation  of  in  vivo  experimental  data  regarding  flow-dependent 
K  secretion  with  theoretical  considerations  of  K  transport  processes 
in  the  distal  tubule. 
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B.  PRINCIPAL  ASPECTS  OF  K  SECRETORY  KINETICS  TO  BE  CHARACTERIZED  BY 
THE  MODEL  MATHEMATICAL  SOLUTIONS 

In  order  to  conceptually  facilitate  the  comparison  and  analysis  among 
the  various  secretory  models ,  attention  will  be  focused  on  three  parti¬ 
cular  areas  of  K  secretory  behavior:  (1)  the  dependency  of  K  secre¬ 
tion  on  luminal- flow  rate  -  "Flow  Dependency",  (2)  the  effect  that  the 
Initial  concentration  of  K  entering  the  secretory  tubule,  K(0),  has 
on  the  magnitude  of  net  K  transport  -  "K(0)  Sensitivity",  and  (3)  the 
range  of  K  secretion  rates  attainable  by  a  given  model  -  "Secretory 
Potency . "  Before  proceeding  with  the  mathematical  formulation  of  the 
models,  it  will  be  useful  to  describe  briefly  the  types  of  behavior  which 
will  be  exhibited  among  the  models  in  these  three  areas. 

1.  Flow  dependency 

The  terminology  employed  by  Giebisch  in  characterizing  the  relationship 
of  secretion  to  flow  rate  will  be  used  here  (23): 

Transport-limited :  K  is  secreted  at  a  constant  rate,  independent 

of  luminal  flow  rate 

Flow-limited :  K  secretion  is  directly  proportional  to  the  luminal 
flow  rate 

Since  none  of  the  models  will  conform  strictly  to  the  secretory  behavior 
characterized  by  the  Giebisch  paradigms,  flow  dependency  will  be  des¬ 
cribed  as  more  closely  approximating  either  flow-limited  or  transport- 
limited  behavior.  Also,  it  will  be  seen  that  for  most  of  the  models,  the 
nature  of  flow  dependency  will  vary  over  different  flow  rate  ranges.  For 
instance,  Figure  II. 2b  depicts  the  K  secretion  vs.  flow  rate  profile 
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of  a  hypothetical  epithelium  in  which  K  secretion  plateaus  at  higher 
flow  rates.  K  secretion  flow  dependency  would  be  characterized  as  rela¬ 
tively  flow— limited  at  low  flow  rates  and  relatively  transport-limited 
at  higher  flow  rates. 

In  passing,  it  should  be  noted  that  some  difficulty  arises  in  the  concept 
of  flow  dependency  when  volume  reabsorption  is  taken  into  account*.  What 
luminal  flow  rate  in  a  tubular  segment,  the  initial,  the  final,  or  the 
mean  should  be  used  as  the  appropriate  value  for  the  flow  variable? 

Since  most  of  the  discussion  of  the  models  will  center  on  the  special 
case  of  zero  volume  reabsorption  along  the  tubule,  this  problem  is  gener¬ 
ally  obviated.  The  effects  of  volume  reabsorption  on  K  secretion  will 
be  considered  specifically  in  one  section  of  Part  II. 

2.  K ( 0 )  sensit ivity 

An  interesting  and  valuable  result  of  the  model  mathematical  solutions 
is  that  net  K  secretion  is  influenced  by  the  initial  K  concentration 
entering  the  secreting  segment,  K(0),  in  a  characteristic  way.  In 
general,  it  will  be  seen  that  as  K(0)  rises,  net  K  secretion  falls, 
and  in  most  cases  converts  to  net  K  reabsorption  if  the  initial  K 
concentration  is  sufficiently  high.  In  a  sense,  then,  it  might  be  said 
that  the  potassium  load  entering  the  segment  can  exert  an  "inhibitory” 
effect  on  K  secretion.  However,  this  term  has  additional  implications 
which  are  inappropriate  in  the  present  context.  The  term  ”K(0)  sensi¬ 
tivity”  has  been  chosen  to  indicate  that  net  K  transport  along  the  tubule 
may  be  influenced  to  varying  degrees  by  the  initial  K  concentration 


-  72  - 

entering  the  tubule.  Shown  in  Figure  11.3a  are  examples  of  different 
K(0)  sensitivities.  "A"  shows  a  linear  relationship  between  net  K 
transport  and  K(0).  The  degree  of  K(0)  sensitivity  can  be  quantified 
by  the  slope  of  "A",  A  net  K  transport/A  K(0).  Mote  that  K  transport 
ranges  fi’om  net  secretion  to  net  reabsorption.  "B"  shows  a  non-linear 
net  K  transport  vs.  K(0)  profile.  K(0)  sensitivity  is  greater  than 
"A"  at  lower  ranges  of  K(0)  concentrations.  For  higher  values  of 
K(0),  net  reabsorption  is  relatively  constant  and  insensitive  to  K(0). 

As  will  be  demonstrated  later,  flow  rate  will  have  a  marked  effect  on 
K(0)  sensitivity. 

3.  Secretory  potency 

Because  many  factors  will  be  seen  to  affect  the  magnitude  of  K  secre¬ 
tion  demonstrated  by  a  given  model,  a  discussion  of  secretory  potency  is 
best  deferred  until  specific  models  are  considered.  For  the  moment,  it 
is  relevant  to  point  out  that  a  flow-limited  secretory  model  does  not 
necessarily  define  a  potent  K  secretory  epithelium,  and,  conversely,  a 
transport-limited  system  does  not  necessarily  imply  low  rates  of  K 
secretion.  This  is  illustrated  in  Figure  II. 3b  where  the  four  possible 
combinations  of  high  and  low  secretory  potency  and  flow-  and  transport- 
limited  flow  dependency  are  depicted. 

In  the  presentation  to  follow,  the  K  transport  kinetics  of  each  model 
will  be  characterized  mathematically,  graphically,  and  conceptually  in  a 
number  of  ways.  For  the  purpose  of  discriminating  among  the  models,  the 
above  three  discussed  aspects  of  K  secretory  behavior  -  flow  dependency, 
K(0)  sensitivity,  and  secretory  potency  -  will  be  found  to  be  particu¬ 
larly  useful. 
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Figure  II. 3  a)  Hypothetical  linear  "A"  and  nonlinear  "B"  relationship 
between  net  K  absorption  and  K(0) . 

b)  Four  subsets  of  flow  dependency  -  secretion  potency: 
high  potency,  transport- limited  (HP-TL) ;  high  potency, 
flow- limited  (HP-FL)  ;  low  potency,  transport- limited 
(LP-TL) ;  and  lew  potency,  flcw-limited  (LP-FL) .  See 
text  for  definition  of  terms. 
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C.  BASIC  PARAMETERS 

As  shown  in  Figure  II. 4,  the  late  distal  tubule  K  secretory  epithelium 
is  represented  as  a  tubular  structure  comprising  a  lumen  enveloped  by  a 
layer  of  distal  tubule  cells.  The  tubule  is  bathed  by  interstitial  fluid 
which  will  be  assumed  to  have  an  electrolyte  composition  identical  to 
that  of  blood  perfusing  the  vicinity  of  the  tubule.  Flux  parameters 
relating  to  the  lumen,  cell  layer,  and  interstitial  fluid  (or  blood) 
will  be  identified  by  the  subscripts  1,  2,  and  3  respectively.  The 
axial  dimension  of  the  tubule  ranges  from  x  =  0  to  x  =  L  millimeters. 
The  cross-sectional  area  of  the  tubular  lumen,  a^  and  the  cell  layer, 

&2  (cm  x  10  ),  are  constant  as  a  function  of  x  and  independent  of 
flow  rate.  The  interstitial  fluid  is  assumed  to  have  quasi- infinite 
dimensions  and  therefore  an  unvarying  electrolyte  composition. 

Fluid  perfusing  the  tubule  enters  at  x  =  0  and  subsequently  emerges 
at  x  =  L  with  a  potassium  concentration  of  K(0)  and  K(L)  respecti¬ 
vely.  The  initial  and  final  luminal  flow  rates  are  similarly  identified 
as  V(0)  and  V(L).  The  luminal  K  concentration  and  the  flow  rate  at 
any  point  along  the  tubule,  K(x)  and  V(x),  may  vary  as  a  function  of 
x  depending  on  transepithelial  potassium  transport  and  volume  reabsorp¬ 
tion  processes.  The  cell  K  concentration  will  be  designated  as  Cpr(x) 
which  may  also  vary  as  a  function  of  x.  All  concentrations  will  be  given 
in  mmol/1  (equivalent  to  pmol/nl),  volume  flow  rates  in  nl/min,  and 
fluxes  in  pmol/min. 

$(x),  the  axial  flux  of  potassium,  may  be  considered  to  represent  the 
product  of  luminal  flow  rate  and  potassium  concentration  at  x: 
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Figure  II. 4  Distal  tubule  potassium  secretion  model  and  basic 
parameters.  See  text  for  description. 
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$(x)  -  V(x)  •  K(x) 

For  the  entire  segment,  net  potassium  absorption,  <f>(net),  is  defined 
as: 

$(net)  =  V(L)  •  K(L)  -  V(0)  •  K(0)  (1) 

which,  if  positive,  represents  net  potassium  secretion  and,  if  negative, 
net  potassium  reabsorption. 


If  we  now  consider  a  small  section  of  the  tubule  of  length  Ax  as  de¬ 
picted  in  Figure  II.  4,  the  fluid  entering  at  point  x  and  emerging  at 
x  +  ax  may  be  modified  by  transepithelial  potassium  and  volume  fluxes. 
The  transmembrane  potassium  fluxes,  J12,  J^,  and  indicating  the 

unidirectional  potassium  flux  per  unit  length  of  tubule  from  lumen  to 
cell,  cell  to  lumen,  and  cell  to  blood  respectively,  can  be  given  by 


J12(x)  =  K(x) 

J  21  (x)  = 

J  23 (x)  =  ck^x^ 


>12 


K21 


k23 


(^) 

V2 

(— ) 
sAXy 

V? 

(vf) 

AX 


where  v^  and  v2  are  the  volumes  of  the  lumen  and  cell  layer  in  the 
segment  of  length  ax,  and  k!  .  is  the  flux  coefficient  (min-1) 
mediating  the  flow  of  potassium  from  i  to  j .  In  accordance  with  the 
Giebisch  cellular  model,  J21  and  J23  are  assumed  to  represent  passive, 
non-carrier-mediated  fluxes.  Therefore,  the  electrical  potential  dif¬ 
ference  (PD)  and  the  K  permeability  of  the  luminal  and  basolateral 
membranes  will  determine  the  values  of  k^  and  k^.  The  magnitude  of 
the  rate  coefficient,  k^2 >  niay  be  additionally  influenced  by  the  kinetics 
of  the  K  reabsorptive  luminal  pump. 
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Since  v-^/Ax  and  v^/Ax  define  the  cross-sectional  area  of  the  lumen 
and  cell  layer  respectively,  we  have 


J12(x)  =  K(x)  •  k-j^  •  ax 

J21(x)  =  CK(x)  •  k'21  •  a2 
J22(x)  =  C^(x)  •  •  a2 


In  order  to  maintain  a  degree  of  clarity  in  the  mathematical  treatment 

which  follows,  it  will  be  convenient  to  define  a  flux  coefficient,  k.  . , 

5  nj  3 

as  follows: 


(cm2  x  10  ^/min 
f°r  Hjj:  k^2,k 


=  nl/min/mm) 
21,k23 


thereby  eliminating  geometrical  terms  in  the  mathematical  development  of 
the  transport  models.  Thus  the  three  transmembrane  fluxes  are  defined 
simply  as 

J12(x)  =  K(x)  •  k12 

J2i(x)  =  CR(x)  •  k21 
J2^(x)  =  CK(x)  •  k^ 

At  this  point,  no  specific  characterization  will  be  given  to  the  blood 
to  cell  potassium  flux,  J^2,  a  significant  component  of  which  is  media¬ 
ted  by  the  Na-K-ATPase  pump.  The  mathematical  models  will  be  defined 
partly  in  terms  of  alternative  postulates  regarding  the  behavior  of  J^. 
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D.  FUNDAMENTAL  EQUATIONS 


It  is  presumed  that  for  any  Imposed  initial  condition,  V(0)  and  K(C), 
a  steady  state  will  eventually  prevail  in  which  there  will  be  no  net 
change  over  time  in  the  amount  of  potassium  or  volume  within  the  lumen 
or  cell  layer .  Specifically,  over  any  given  segment,  ax,  consideration 
of  mass  balance  dictates  that  during  the  steady  state,  the  amount  of  K 
entering  the  tubular  lumen  and  the  cell  layer  must  equal  the  amount  of 
K  leaving.  That  is. 


for  cell: 


(AX-ai)-^^=  0  =  [J„(x)  +  K(x)-k10  -  C^Cx)  •  (k01+  k00)]-Ax 


32 


12  WK' 


21  23' 


(2) 


for  lumen: 


(Ax-a^)  =  0  =  K(x)*V(x)  +  CK(x)*k21*Ax 


or, 


-  K(x  +  ax)*V(x  +  ax)  -  K(x)  ‘k-^2*  Ax 


K(x+ax) -V(x+ax)  -  K(x)-V(x)  _  n  w-\ 

- SE - CK(x)‘k21  “  ^  x  *k12 


(3) 


where  K(x)  and  C^(x)  represent  the  mean  luminal  and  cellular  K  con¬ 
centrations  in  the  ax  segment,  and  J^0(x),  the  mean  rate  of  blood  to 
cell  K  flux  per  unit  length. 


Since  the  macroscopic  kinetics  of  the  system  can  be  very  adequately  appro¬ 
ximated  by  assuming  cell  boundaries  to  have  infinitesimally  small  dimen¬ 
sions,  we  may  consider  the  limits  for  equations  (2)  and  (3)  as  Ax  -+  0. 

For  equation  (2),  evaluating  the  limit  and  then  solving  for  C^(x)  gives 


J -vj(x)  +  K(x)*k1P 

Vx)  -  J  +  k. 


21 


23 
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and  for  equation  (3), 


d[V(x)-K(x)l 

dx 


Js(x)  =  CK(x)*k21-  K(x)-k12 


where  Js(x)  is  the  rate  of  net  transepithlial  potassium  secretion  per 
unit  length  by  the  tubule  at  x. 


The  differential  equation  and  the  accompanying  equation  for  cell  K 
concentration, 


Js00  =  -~-X-^K(x)  ]  =  Cv(x)  *k0-,-  K(x)  *k 


K' 


21 


12 


(4) 


where : 


J,0(x)  +  K(x)-k,0 
CK«  ■  '  +  k,  1 


11 


23 


(5) 


represent  the  fundamental  kinetic  description  of  late  distal  tubular  K 
transport  under  the  assumptions  set  forth  up  to  this  point.  In  order  to 
integrate  equation  (4),  the  various  parameters  must  be  further  defined. 


Several  assumptions  basic  to  all  models  to  be  described  will  facilitate 
the  integration  of  equation  (4). 

Assumption  1:  The  K  secreting  segment  of  the  late  distal  tubule 
can  be  well  approximated  by  considering  it  to  be 
composed  of  identical  K  transporting  cellular  units. 

From  this  assumption,  it  follows  that  the  kinetics  defined  for  any  one 
cell  (or  infinitesimally  small  tubule  segment)  in  the  epithelium  apply 
equally  to  the  entire  epithelium.  As  a  consequence  of  this  assumption, 
when  there  is  no  luminal  flow  in  the  hypothetical  tubule,  there  will  be 
no  variation  along  x  in  the  value  of  any  of  the  kinetic  parameters. 
However,  as  flow  is  directed  into  the  tubule,  certain  axial  gradients  may 
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develop  in  any  or  all  of  the  parameter  values  of  equations  (4)  and  (5) 
depending  on  the  characteristic  kinetic  behavior  of  a  given  model. 

Assumption  2:  The  effects  of  all  determinants  of  K  transport 
other  than  the  parameters  identified  in  equations 
(4)  and  (5)  are  assumed  to  be  constant. 

This  assumption  places  the  secretory  model  in  an  unvarying  physiological 
setting  in  which  such  factors  as  plasma  potassium  concentration,  diet, 
acid-base  balance,  hormonal  influences,  and  the  like  are  deemed  to  be 
constant.  An  important  corollary  of  this  assumption  is  that  the  kinetics 
of  potassium  transport  can  be  defined  independent  of  any  consideration 
of  luminal  sodium  concentration  variation  which  might  be  anticipated  to 
occur  with  flow  rate  changes.  This  assumption  is  consistent  with  the 
observations  of  Good  and  Wright  discussed  in  Part  I  which  indicate  that 
K  secretion  is  not  significantly  influenced  by  the  load  of  sodium  deli¬ 
vered  to  the  distal  tubule  when  other  physiological  determinants  of  K 
transport  (aside  from  flow  rate)  are  held  constant  (26,27). 


Assumption  3:  Passive,  non-carrier-mediated  potassium  fluxes 

are  adequately  approximated  by  the  Goldman  "constant 
field"  equations  for  ion  transport  through  charged 
biological  membranes. 


The  Goldman  equation  for  the  net  passive  flux  of  a  positive  ion  across 


a  charged  membrane  is  given  by 

CC.*exp(-AEF/RT)  -  CQ] 
J0  "  °i  “  (Pnd)'  T^T - LI  -  exp (  -thr/h.;j 


(6a) 


where:  P  s  permeability 


AE  =  Eq  -  Ei 


d  =  lumen  diameter 
i,0  =  inside,  outside  of  cell 


C 


=  concentration  of 
ion 

=  flux  per  tubule 
unit  length 


O 
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For  the  unidirectional  passive  fluxes, 


vd 


4ECF 

RT  * 


pbnd. 


J21  and  J23, 


we  obtain 


CK.exp(-AE^F/RT) 
1  -exp(-AE^F/RT) 

CR  •  exp  ( - AE^F/RT ) 
1  -expC-AE^F/RT) 


(6b) 

(6c) 


where:  =  cell  K  concentration 

■S,b  s  luminal,  basolateral  membranes 

If  the  membrane  potential  difference,  AE,  is  constant  under  all  luminal 
and  cellular  conditions,  as  will  be  assumed  in  several  models,  then  equa¬ 
tions  (6b)  and  (6c)  are  related  to  the  previously  defined  flux  relation¬ 
ships  as  follows: 


J21  =  CK  *  k21  J23  CK  '  k23 


therefore : 


AE,F 

\r  =  ' 

21  RT 


d  •  exp  (-AE^F/RT ) 
1  -  exp(-AE^F/RT) 

Vd 

1  -  exp(-AEbF/RT) 


Thus  for  a  passive  unidirectional  flux  across  a  membrane  of  constant  AE 
and  P,  ky  is  constant,  and  .  is  linearly  dependent  on  (in 

the  case  of  and  J23).  -'-n  one  ^^l3  1:0  discussed,  the 

membrane  PD  is  permitted  to  vary,  and  therefore  will  not  be  a 

constant  term  but  dependent  in  part  on  the  magnitude  of  AE. 
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E.  WORKING  POSTULATES 

With  the  preceding  basic  assumptions  in  hand,  it  remains  to  define  more 
specifically  the  parameters  of  equations  (4)  and  (5):  k_ ,  CRJ  and  J^. 
The  following  postulates  regarding  these  parameters  will  establish  the 
basis  for  the  various  mathematical  model  solutions  of  the  fundamental 
differential  equation  (4). 


1. 


The  luminal  membrane  rate  coefficients: 


k21’  ^12 


As  previously  noted,  the  rate  coefficient,  k..,  incorporates  into  one 
term  the  effects  of  membrane  permeability,  electrical  potential  differ¬ 
ence,  and  carrier-mediated  transport  mechanisms  (active  or  facilitated) 
on  the  flux  J^. .  Membrane  K  permeability  is  assumed  to  be  indepen¬ 
dent  of  x  and  electrical  PD  and  constant  over  physiological  ranges 
of  cell,  blood  or  luminal  K  concentrations. 


Postulate  1:  The  luminal  membrane  PD  is  constant  and  independent 
of  x  and  cell  or  luminal  ion  concentrations. 


Several  experimental  observations  indicate  that  variations  in  the  trans- 
epithelial  PD  of  the  late  distal  tubule  are  relatively  small  over  a 
wide  range  of  flow  rates  and  changes  in  luminal  Na  and  K  concentra¬ 
tions  (26,29,60).  Whether  this  relative  stability  of  the  transepithelial 
PD  reflects  parallel  PD  changes  in  the  luminal  and  basolateral  mem¬ 
branes  or  whether  it  indicates  a  constancy  of  both  membrane  PD's  during 
changes  in  luminal  conditions  is  uncertain.  There  is  no  experimental 
data  to  clarify  this  issue.  However,  in  order  to  gain  insight  into  the 
significance  of  the  luminal  membrane  PD  on  K  secretory  behavior,  a 
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model  in  which  the  luminal  membrane  PD  arises  entirely  as  a  conse¬ 
quence  of  a  K  diffusion  potential  will  be  examined  and  contrasted  with 
models  based  on  Postulate  1. 

From  Postulate  1  it  follows  that  k^  ,  the  rate  coefficient  mediating 
the  passive  flux,  J^,  is  a  constant  parameter,  independent  of  x, 
K(x),  and  Cv(x). 

Postulate  2:  The  carrier-mediated  flux  component  of  J]_2  is 

nonsaturable  over  physiological  ranges  of  luminal 
K  concentrations  and  obeys  linear  kinetics;  that 
is,  the  carrier-mediated  flux  from  lumen  to  cell 
is  directly  proportional  to  the  luminal  K  con¬ 
centration. 

Combining  Postulates  1  and  2,  we  have,  therefore,  that  k^  is  a  con¬ 
stant  parameter,  independent  of  x,  K(x)  and  C^(x).  There  is  no 
experimental  data  which  bears  directly  on  Postulate  2.  Therefore,  the 
K  secretory  behavior  resulting  from  the  linear  kinetics  of  will 

be  contrasted  with  a  model  which  incorporates  a  hypothetical  saturable 
K  reab sorptive  pump  in  the  luminal  membrane. 

2.  Cell  Potassium 

Again,  there  is  no  experimental  data  which  permits  a  definition  of  the 
behavior  of  cell  K  concentration  in  the  face  of  varied  luminal  condi¬ 
tions.  The  matheratical  modeling  will  therefore  contrast  two  plausible 
but  quite  opposed  assumptions  regarding  cell  K. 

Postulate  3a:  Cell  K  concentration  is  constant  and  independent 
of  x  and  J  (x) 

o 
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Postulate  3b:  J ^  and  k^  are  constant  and  independent  of 
x  and  Js(x)3  and 

J^P  +  K(x)-k 

CK  ~  "k“T~k -  (equation  (5)) 

21  K23 

In  effect.  Postulate  3a  assigns  to  the  basolateral  membrane  the  function 
of  regulating  cell  potassium  at  a  constant  level.  J  2  and  J  there¬ 
fore,  do  not  need  to  be  characterized  specifically.  Challenges  to  the 
stability  of  cell  K  concentration  arising  from  changes  in  luminal 
conditions  are  assumed  to  be  met  by  appropriate  adjustments  in  the 
fluxes  J^2  and  J^. 

A  somewhat  speculative  argument  may  be  advanced  to  defend  Postulate  3a. 

It  can  be  argued,  for  instance,  that  as  luminal  flow  rate  increases  and 
luminal  K  concentration  falls,  the  net  flux  of  potassium  from  the  cell 
to  the  lumen  would  be  augmented,  thus  resulting  in  a  lowering  of  cell 
K  concentration.  An  increase  in  cell  Na  concentration  would  probably 
occur  concurrently.  The  changed  cell  ionic  milieu  would  then  be  favor¬ 
able  to  an  accelerated  extrusion  of  Na  and  uptake  of  K  at  the  baso¬ 
lateral  membrane,  a  kinetic  behavior  that  is  consistent  with  some  kinetic 
descriptions  of  the  Na-K-ATPase  dependent  transport:  system  (32,33,53)- 
It  is  postulated  that  the  sum  effect  of  such  events  would  be  the  res¬ 
toration  of  cell  K  to  its  original  concentration. 

The  alternative  Postulate  3b  -  a  constant  J^2  flux  -  is  posed  as  a 
means  of  sharply  contrasting  two  very  different  views  of  the  role  of  the 
carrier-mediated  transport  at  the  basolateral  membrane.  Several  Impor¬ 
tant  questions  will  be  answered  from  the  analysis  of  a  model  formulated 
on  the  basis  of  Postulate  3b.  For  example:  If  J^2  is  constant,  to 
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what  extent  will  cell  K  concentration  decrease  as  luminal  flow  rate 
is  increased,  and  to  what  degree  will  net  K  transport  be  affected? 

Finally ,  it  will  be  noted  here  and  proved  later  that  Postulates  3a  and 

3b  actually  represent  special  cases  of  a  more  general  hypothesis:  that 

cell  K  concentration  decreases  in  direct  proportion  to  increases  in 

the  net  transepithelial  potassium  flux,  J  ,  that  is 

3  s  3 

dC  (x) 
s 

where  a  is  an  arbitrary  constant.  Under  Postulate  3a,  a  equals  zero. 
The  value  of  a  for  the  model  formulated  on  the  basis  of  Postulate  3b 
will  be  derived  later. 

The  main  body  of  the  presentation  will  concentrate  on  exploring  two  mathe¬ 
matical  models,  each  of  which  incorporates  Postulates  1  and  2,  but  which 
are  distinguished  by  the  alternative  forms  of  Postulate  3.  They  will  be 
described  as  MODEL  A  -  constant  cell  K  model  and  MODEL  B  -  constant  J-,^ 
model.  After  these  models  are  examined  in  detail,  other  models  will  be 
developed  and  analyzed  to  explore  alternatives  to  the  luminal  membrane 
behavior  defined  by  Postulates  1  and  2.  Formally  stated.  Models  A  and 
B  are: 

MODEL  A  -  constant  cell  K 

(1)  Cell  K  concentration  is  constant  and  independent 

of  x  and  J  (x) 
s 

(2)  k^2  and  k21  3re  constant  parameters  independent  of 
x,  K(x),  C^tx)  and  V(x) 
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1VDDEL  B  -  constant  J_,2 

(1)  J,9  is  constant  and  independent  of  x  and  J  (x) 

(2)  k^2>  ^213  ^23  are  cons'tan"t:  parameters  independent 

of  x,  K(x),  CK(x)  and  V(x) 
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F.  MODELS  A  A M3  B  MATHEMATICAL  SOLUTIONS  WITH  NO  VOLUME  RF, ABSORPTION 


For  the  initial  evaluation  of  the  fundamental  differential  equation  (4), 
the  special  case  of  no  volume  reabsorption  will  be  considered.  V,  the 
luminal  flow  rate  is  therefore  considered  to  be  independent  of  x.  V(0), 
the  initial  flow  rate,  equals  V(L),  the  end  segment  flow  rate.  The 
differential  equation  (4)  as  applied  to  Model  A  simplifies  to 

MeLA  ^  “  ^°K  '  k21  '  K(x)  '  k12] 

constant  parameters:  C^,  ^23^21 
Combining  equations  (4)  and  (5)  and  simplifying  gives  for  Model  B 
ModSlB  ^  -  ^CJ32  '  ks  -  K(x)  •  kr] 


The  complex  rate  coefficients 
convenience. 


constant  oarameters :  J 


32 


ks  k21//('k21+  k23^ 
kr  =  ( kq2 ’ kg  3 )/ ( ^2!+k2 3 ) 


kg  and  k^  are  defined  as  a  matter  of 


The  two  equations  represent  linear,  1st  order  differential  equations 
where  is  a  function  of  K(x)  and  constant  parameters  indepen¬ 

dent  of  x  and  K(x).  Solutions  to  the  equations  may  be  found  by  formal 
separation  of  the  variables  and  integration  over  the  boundary  conditions. 


] 


x=0 


and  ] 


K(x) 

K(0) 


The  results  are: 


Model  A  (constant  cell  K) 

CK*k21 

K(x)  =  K(0)-exp(-k12  •  x/V)  +  k  -  -  exp(-k^ -x/V) ] 


(8) 
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Model  B  (constant  J^) 

KCx)  =  K(0)-exp(-kr-x/V)  +  [1  -  exp(-k  -x/V)]  (9) 

"  r 

Equations  (8)  and  (9)  mathematically  define  the  axial  profile  of  potas¬ 
sium  concentration  as  a  function  of  the  initial  conditions,  V  and 
K(0) ,  the  rate  coefficients,  and  the  cell  K  concentration  for  Model  A 
and  the  magnitude  of  fen  Model  B. 


Net  K  absorption  has  been  defined  as 

a(net)  =  V(L)-K(L)  -  V(0)-K(0)  (1) 

Substituting  for  K(L)  from  equations  (8)  and  (9)  gives,  after  rearrange¬ 
ment  of  the  terms. 


Model  A 


$(net ) 


V-C 


CK 

k 


•k 


12 


21 


-  K(0)][1  -  exp(-k12’L/V)] 


(10) 


Model  B 

$(net)  =  V-  [  ^ — -  -  K(0)][1  -  expt-k^L/V)]  (11) 

r 

These  equations  are  further  simplified  by  considering  the  lollcwing  defi¬ 
nitions. 

K(max):  the  limiting  concentration  of  K  uniformally  attained 
“  within  the  tubular  lumen  as  flow  rate  approaches  zero. 

K(max)  =  limit  K(x) 

V  0 
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.max 

^<5  •  the  maximum  rate  of  K  secretion  which  is  approached  when 

~ —  K(0)  =  0  and  V  . 

^max  _  limit# (net) 

5  V  -*■  00 

K(0)  =  0 

msjc 

K(max)  and  $  are  operationally  defined  as  limits  in  order  to 

facilitate  the  handling  of  equations  (8),  (9),  (10)  and  (11)  in  which  V 
arises  as  a  denominator  in  the  exponential  term.  K(max)  represents  the 
equilibrium  value  of  luminal  K  concentration  under  zero  flow  rate  con¬ 
ditions.  Though  perhaps  not  immediately  apparent  from  the  above  defini- 

rnov 

tion,  $  will  be  seen  to  represent  the  maximum  K  secretion  capa- 

O 

bility  of  the  epithelium  as  defined  by  Models  A  and  B. 


The  evaluation  of  the  above  limits  for  equations  (8),  (9),  (10)  and  (11) 
is  facilitated  by  noting  the  existence  of  the  following  limits,  proofs 
of  which  are  provided  in  the  Appendix. 

limit  exp(-b/V)  =  0 

V  0 

limit  A*[l  -  exp(-b/V)]  =  A 

V  -  0 

limit  &1  -  exp(-b/V)]  =  1 

V  -*•  «  D 

where:  A  and  b  are  arbitrary  constants 


Therefore,  for  Model  A 

K(max) 


 J32‘k 


k 


s 


^nax  =  j 
s  32 
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and  similarly  for  Model  B 


KG»0  - 

±2 


*S“  -  CK  •  k21  •  L 


Substituting  the  results  from  above  into  the  original  solutions ,  we 
obtain  the  general  equations 


K(x)  =  K(0 )  •  exp (-k  •  x/V)  +  K(max)-[1  -  exp(-k  -x/V)] 

^  ci 

§(net)  =  V* [K(max)  -  K(0)][l  -  exp(-k  -LA)] 

3. 


$ 


max 


=  K(max)*k  *L 
a 


(12) 

(13) 

(14) 


where : 


Model  A 


ka  k12 

CK*kPl 
K(max)  =  ^21 

k12 


max  _ 

*s  "  CK 


k. 


21 


Model  B 


L 


ka  (k12*k23)/(k21  +  k23^  E  kr 

rr,  ^  j32‘k21  _j32'ks 

K(max)  =  =-2k - 

k12  ^23  r 

max  _  J32‘k21  T  _  T  , 

#s  k2i+k23  ’  L"  J32‘ks  '  L 

Models  A  and  B  thus  yield  mathematical  solutions  which  differ  only  in  the 

definition  of  the  two  constant  parameters:  k  . 

-  a 


coefficient,  and  K(rnax). 


the  "absorption"  rate 
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JsCx)>  rate  of  trans epithelial  potassium  secretion  per  unit  length 

of  tubule  may  be  derived  readily  by  recalling  from  equation  (4)  that  J  (x) 

s 

also  indicates  the  rate  of  change  of  the  axial  flux  of  potassium  per  unit 
length;  that  is, 

J  (x)  =  V  • 
s  dx 


Differentiating  equation  (12),  we  have 


dK(x)  .  K(mx)'k£ 


K(0) -k 


dx 


V 


=exp(-k  -x/V)  - 

cL 


— - exp(-ka*x/V) 


=  ^K(max)  -  K(0)]-k  *exp(-k  *x/V) 


VL . a  "a 

and  multiplying  both  sides  by  V  gives 


J  (x)  =  [K(max)  -  K(0)]-k  *exp(-k  -x/V) 

S  EL  3. 

and  for  the  soecial  case  of  K(0)  =  0 


(15) 


J  (x)  =  K(max)*k  *exp(-k  *x/V) 

S  3.  CL 


(16) 


An  alternative  expression  for  J  (x)  can  be  found  by  noting  that  a  rear- 

s 


rangement  of  equation  (12)  gives 

[K(max)  -  K(0)]*exp(-k  -x/V)  =  K(max)  -  K(x) 

3. 

Combining  equations  (15)  and  (17),  we  obtain 

J  (x)  =  K(max)  *k  -  K(x)-k 
s  a  a 

and  since  we  can  define  J  (max)  as 

s 

yrnx  =  ^max^  =  K(rrax).k 
s  s  a 

equation  (18)  further  simplifies  to 

J  (x)  =  -  K(x)  *k 


(17) 


(18) 


(19) 


(20) 
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In  terms  of  Models  A  and  B: 


^(x) 


J®Cx) 


CK*k21  "  K(x)-k12 

J3g'k21  ,  .  kI2'k23 

k21+k23  X  ’k21+k23 


(21) 

(22) 


The  equation  for  Model  A  is  immediately  identifiable  as  the  net  flux  of 


K  across  the  luminal  membrane. 


x)  =  J21  ~  J12(x) 

For  Model  B,  we  can  draw  from  the  formulation  by  Ussing  (58)  who  derived 
the  following  relationships  (modified  to  the  present  context ) : 


k, 


21 


J31  J32  '  k21+k23 


.  k23 


J13  ~  J12  k21+k23 


where  is  that  proportion  of  the  unidirectional  K  flux  from  blood 

to  cell  which  reaches  the  lumen,  and  is  that  proportion  of  J^2 

which  reaches  the  blood.  Therefore, 

Js(x)  =  J31  "  Ji3(x) 

Note  that  J21  of  Model  A  and  J32  of  Model  B  are  constant  fluxes 
equivalent  to  J^iax  as  defined  for  each  model.  Therefore,  the  secretory 
potency  of  Model  A  is  limited  by  the  luminal  membrane  flux,  the 

magnitude  of  which  is  determined  by  and  k^y  For  Model  B,  the  upper 
limit  of  secretion  capability  is  determined  by  ,  the  proportion  of 
cell  K  uptake  from  the  blood  which  is  transported  to  the  lumen.  The 
magnitude  of  J32  and  the  fraction  k2-,/(k21  +  k^)  will  determine  the 
secretory  potency  of  Model  B. 
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For  Model  B,  it  will  be  important  to  identify  the  variability  of  cell 
K  concentration  resulting  from  changes  in  luminal  flow  rate  and  K 
concentration.  We  will  restrict  ourselves  to  deriving  a  mathematical 
statement  for  the  mean  cell  K  concentration  along  the  tubule. 


Equation  (5)  defines  CR(x)  as  a  function  of  K(x) 

■  K(x) 


CK(x)  =  k_+k 


^32  +  k12 


21 '^23  k21+k23 


Rearranging  equation  (18)  gives 


K(x)  =  K(max)  -  J  (x)/k 
s  a 


(5) 


where:  k&  (ki2*k23^k21+k23^ 
(Model  B) 


and  substituting  for  K(x)  in  equation  (5),  we  have,  after  simplification, 

(23) 


lip  ^-1  p  J  (x) 

CK(x)  =  +  K(max)'  k^fk^  +  — 


The  mean  cell  K  concentration  along  the  tubule  may  be  defined  by 


Ck  =  h  fo  CK(x)dx 


and  since 


T  Sq  Js^x^dx  =  $(net)/L 


(24) 


integration  of  equation  (23)  in  the  manner  defined  by  (24)  gives 

-  J32 

K  k_.^+kp,  k21  +  V~2~j  3’  L 


Since  for  Model  B, 


k 


21 


K(max)  =  J32  •  £ — : : 


12  x23 
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after  substituting  and.  combining  terms  , 

_K  32['k21+k23  Tk^*  k2  3 )  ( k2  i+k2  3 )  ^ 


<j>(net ) 
k23*L 


which  simplifies  to 


C  =  32  _  <f>(net) 


K 


23 


k23«  L 


If  we  define  as  that  cellular  K  concentration  attained  under 


conditions  of  no  net  K  transport,  that  is,  $(net)  =  0,  then 

-  _  ^max  $(net) 

K  UK  "  1^3.  L 


where:  C1^  =  — 

K  k23 


(25) 

(26) 


It  can  be  shown  that  the  minimum  cell  K  concentration  will  be  attained 


rno  v 

when  K  secretion  is  at  its  maximal  rate,  9  ,  and  that 

5  s 

k 


unin  _  unax  “23 
K  K  *  k^+k^ 


(27) 


Equation  (27)  indicates  that  cell  K  concentration  under  the  assumptions 
of  Model  B  will  always  be  greater  than  zero  but  less  than  C^ax  by  the 
fraction  k2-,/(k2-,  +  k23). 


This  completes  the  derivation  of  the  Model  A  and  B  solutions,  a  summary 
statement  of  which  is  given  in  Table  IT. 1. 


Although  our  attention  has  been  confined  exclusively  to  Models  A  and  B 
up  to  this  point,  it  was  briefly  noted  earlier  that  the  two  models  are 
formulated  as  special  cases  of  a  broader  definition  of  the  postulated 
behavior  of  cell  K  in  relation  to  K  transport:  that  cell  potassium 


Table  II. 1  Model  A  and  B  equations 
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Cfl 


s 

3 


< 


a 


co 

CN 


M 


CN 
i — I 

M 


CO 


<N 


CN 

M 


CN 
i — I 


CN 

M 


CO 

CN 


CN 

CO 


CN 
i — I 

M 


04 

CN 

CO 


CO 

CN 


CN 

W, 


CO 


CN 


II 


CO 

CN 
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concentration  is  linearly  related  to  the  net  transepithelial  secretory 
flux,  J  (x),  such  that 

O 


dCK(x) 

dJsU) 


=  -  a 


(28) 


.  2 

where  a  is  a  constant  with  the  dimensions  min/cm  x  10 


The  assumption  defined  by  equation  (28)  permits  a  more  generalized  treat¬ 
ment  of  the  basic  differential  equation  (4).  If  we  again  define  opera¬ 
tionally  the  maximum  cell  K  concentration,  Ct^,  as  that  concentra¬ 
tion  attained  under  conditions  of  zero  net  K  transport,  then  we  may 
integrate  equation  (28)  over  the  boundary  conditions 


CK(x) 


and 


|JS(X) 

It  =  o 

s 


which  gives  the  simple  expression 


CrCx)  =  -  a  •  Js(x) 

=  C^X  -  a  •  V  • 


(29) 


Substituting  equation  (29)  into  the  basic  differential  equation  (4), 

t t  .  dK(x)  _  ^max  ,  _  i,  .y.  dK(x_)_  _ 

V  "dx - K  k21  a  2l  dx  X12 


and  then  rearranging, 


dK(x)  .  *^2  .  Kfxl  =  rfflax  .  ,  ''dl 

dx  V(l+a-k21)  KU  K  VTT+ad^T 

Integration  of  this  equation  is  straightforward .  The  solution  is 

K(x)  =  K(0) *exp(-k  -x/V)  +  K(max)-[1  -  exp(-k  -x/V)]  (30a) 


where:  k^  =  k^/O-  +  a  ’ 


C30b) 
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(30c) 


(30d) 


which  is  the  same  solution  format  obtained,  for  Models  A  and  E ,  equations 
(12-14,26).  It  is  a  matter  of  algebraic  manipulation  to  show  that 


for  Model  A: 


a  =  0 


for  Model  E: 


cc  =  1/k. 


23 


Thus  it  can  be  appreciated  that  Models  A  and  B  represent  special  cases 
of  the  more  general  solution  defined  by  equations  (3Ca-d).  It  will  be 
useful  to  keep  in  mind  in  the  sections  which  follow  that  the  analysis 
and  conclusions  formulated  on  the  basis  of  the  kinetic  behavior  of  Models 
A  and  E  can  be  frequently  generalized  to  include  any  epithelium  character¬ 
ized  by  a  constancy  of  the  rate  coefficients  for  the  luminal  membrane, 
k^^  and  ,  and  a  cell  K  concentration  that  decreases  in  direct 
proportion  to  increases  in  net  transepithelial  K  transport. 


G.  QUALITATIVE  EXAMINATION  OF  THE  K  SECRETORY  BEHAVIOR  OF  MODELS  A  AND  B 


In  this  section,  graphs  of  three  functional  relationships  among  the  para¬ 
meters  of  the  basic  model  equations  will  be  examined: 

K(L)  =  f [V] :  K(L)  =  K(max).[l  -  exp(-k  -L/V)]  (31) 

a 

$(net)  =  f[V]:  $(net)  =  V.K(max)*[l  -  exp(-k  -L/V)]  (32) 

cl 

$(net)  =  f[K(0)]:  equations  defined  below 

For  the  limited  purposes  here  of  illustrating  the  qualitative  character 
of  these  functions  in  terms  of  graphical  plots,  the  dependent  variable 
of  the  first  two  functions  will  be  made  dimensionless  by  dividing  both 
sides  of  equations  (31)  and  (32)  by  K(max)  and  $^iax  (which  equals 
K(max)*k  *L)  respectively. 

ci 

%K(max)  =  [1  -  exp(-k  -L/V)]-100$  (33) 

cl 

-  exp(-ka-L/V)]-100%  (34) 

a 

The  independent  variable  of  the  first  two  equations,  V,  will  be  varied 
from  0  to  40  nl/min  which  extends  somewhat  beyond  the  range  of  dis¬ 
tal  tubular  flow  rates  observed  under  in  vivo  conditions.  The  functions 
will  be  studied  with  the  rate  coefficient,  k  ,  set  at  three  values, 

3,  10,  and  30  nl/min/mm,  which  are  representative  of  kinetic  data 
derived  from  in  vivo  experiments  (to  be  presented  in  subsequent  sections) 
under  a  variety  of  physiological  conditions.  The  length  of  the  tubular 
segment,  L,  will  be  taken  at  1  mm  corresponding,  approximately  to 
the  length  of  the  late  distal  tubule.  Note  that  k  -L  has  the  dimensions 

3. 

of  flow  rate,  nl/min. 
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“  *  K(L)  and  #(net)  as  a  function  of  flow  rats 

Plots  of  equations  (33)  and  (34)  are  illustrated  in  Figure  II. 5  for  the 
three  indicated  values  of  k&.  The  graph  of  K(L)  =  f(V)  is  sigroidal 
in  character  with  aninf lection  point  at  V  =  k  *L.  As  flow  through  the 
system  is  increased  beyond  zero,  K(L)  is  initially  maintained  near  its 
maximal  value  but  falls  towards  zero  at  higher  flow  rates.  The  fall  in 
K(L)  with  increasing  flow  rate  is  less  precipitous  when  k^  takes  on 
higher  values.  The  corresponding  plot  of  $(net)  vs.  V  is  shown  in 
Figure  II. 5b.  Here,  K  secretion  is  seen  to  rise  in  a  quasi-exponential 
fashion,  approaching  a  maximal  rate  at  high  flow  rates.  On  each  graph, 
the  point  where  k  -L  =  V  is  indicated,  corresponding  to  the  inflection 
point  of  the  K(L)  vs.  V  plot.  Locating  this  point  conveniently 
divides  each  graph  into  two  characteristic  phases  of  flow  dependency. 

For  flow  rates  less  than  k  *L,  the  dependency  of  K  secretion  on  flow 
rate  approximates  a  flow-limited  secretion  model.  For  flow  rates  exceeding 
ka*L,  secretion  is  established  relatively  close  to  its  maximal  rate,  and 
secretory  behavior  can  be  said  to  be  predominantly  transport-limited  in 
character.  Accordingly,  it  can  be  generalized  that  k  -L  approximately 
characterizes  the  upper  limit  of  flow  rate  for  which  flow-dependent  K 
secretory  behavior  will  be  flow-limited  in  character  for  Models  A  and  B. 

The  functional  plot  of  $(net)  =  f(V)  has  been  described  as  "quasi- 
exponential"  since  its  mathematical  features  are  quite  distinct  from  the 
more  familiar  exponential  function  Y(x)  =  A(i  -  e  ).  The  independent 
variable,  x,  arises  as  an  exponent  to  Euler rs  number,  e.  In  most  of 


the  functions  to  be  described  for  Models  A  and  5,  the  exponent  to  e  will 


100  - 


a) 


b) 


3 

10 

30 


Flow  rate  (nl/min) 


Figure  II. 5  Plots  of  %  K{max)  attained  at  x=L  in  relation  to  flew 
rate  (a)  and  %  maximum  rate  of  K  secretion  in  relation 
to  flow  rate  (b) .  Model  rate  coefficient,  k^,  as  shown. 
K(0)  =  0  for  all  plots. 


-  101  - 


occur  in  the  form  (k^LO/V,  with  the  dependent  variable  V  occurring 
in  the  denominator  of  the  exponent.  Accordingly,  the  mathematical  be¬ 
havior  frequently  will  be  difficult  to  appreciate  without  careful  scrutiny. 
As  a  useful  guide  for  future  reference,  the  functions  (in  general  form) 
to  be  encountered  in  subsequent  sections  are  identified  and  graphed  in 
Table  II. 2  with  comparisons  made  to  the  more  familiar  exponential  func¬ 
tions. 


2.  Net  K  secretion  as  a  function  of  K(0) 

An  appreciation  of  the  effect  that  K(0)  has  on  net  K  transport  is 

demonstrated  in  Figure  II. 6a  where  $<$rnax  is  plotted  as  a  function  of 

s 

V  for  several  different  values  of  K(0).  (The  value  of  k  *L  is  set 

cl 

at  10  nl/ min  for  all  plots.)  The  graphs  arise  from  plotting  equation 

(13)  after  dividing  both  sides  of  the  equation  by  $ TTiax  (=  K(max)*k  -L). 

s  3. 

%  =  tt— y-Tl  -  K(0)/K(max)][l  -  exp(-k  -L/V)]-100£ 

s  k  •  I  a 

a 

From  Figure  II. 6a  it  is  clear  that  the  epithelium’s  capability  to  secrete 
potassium  is  diminished  as  K(0)  is  elevated.  When  K(0)  equals 
K(max),  net  K  secretion  is,  of  course,  zero.  Higher  K(0)  values 
result  in  reabsorption  of  a  portion  of  the  potassium  load  entering  the 
modeled  tubule. 

The  sensitivity  of  net  K  absorption  to  the  initial  K  load  is  more 
usefully  examined  by  defining  the  mathematical  expression  for  #(net) 
as  a  function  of  K(0).  Rearranging  equation  (13)  to  a  more  suitable 
form  gives 


$(net)  =  -  V-[l  -  exp(-k  -L/V)]*K(0)  +  V-K(max)*[l  -  exp(-k  -L/V)] 

a  a 


Table  II. 2  Comparison  of  exponential  functions  in  model  equations  with  more  familiar 
exponential  functions 
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>H 


Model  functions  shewn  as  Y  =  f (V) ;  others  as  Y  =  f (x) 


Net  K  absorption  (prol/min)  %  maximum  K  secretion 
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Figure  II . 6  a) 


Ibe  effect  that  the  initial  K  ccncer.tr aticr. ,  X(0)/K  (rax)  , 
has  cn  flow-dependent  K  transport  nl/rnin/fairO  . 


b) 


relationship  be-to/een  K(0) 
:erer.t  flow  rate  (k_=10  nl 


./rrin/m,  K  (max)  =10  nmol/l) . 
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From  the  above  expression,  it  is  evident  that  if  flow  rate  and  k  are 

a 

held  constant  and  KCO)  allowed  to  vary,  the  resulting  plot  will  be  a 
straight  line  with  the  following  characteristic  parameters : 

Slope:  -V*[l  -  exp(-k  *L/V)] 

a 

"Y"  intercept:  V-K(max)*[l  -  exp(-k  -I/V)] 

0. 

”XfT  intercept:  K(max) 

The  slope  quantifies  the  K(0)  sensitivity  of  the  secretory  model  -  the 
change  in  net  K  absorption  that  will  arise  from  changes  in  K(0),  all 
other  things  being  held  constant.  The  more  negative  the  slope,  the  higher 
the  degree  of  sensitivity.  Though  not  obvious  from  the  mathematical 
expression  for  the  slope,  it  will  be  seen  that  K(0)  sensitivity  in¬ 
creases  as  flow  rate  and/cr  k  increase.  Finally,  it  is  of  note  to 

3. 

point  out  that  as  V  -►  »,  the  value  of  the  slope  approaches  k  *L, 

a. 

that  is, 

limit  -V-[l  -  exp(-k  •L/V’)]  =  -  k  -L  (see  Appendix) 
tt  a  a 

V  -►  00 

and  the  "Y"  intercept  approaches  since 

o 

IHcLX 

limit  V*K(max)*[l  -  exp(-k  ‘I/V)]  =  K(max)*k  -L  =  4>‘_ 

a  a  b 

v  -*■  °° 

Figure  II. 6b  illustrates  a  plot  of  net  K  absorption  as  a  function  of 
K(0)  for  a  number  of  different  flow  rates.  The  rate  coefficient,  ka, 
is  the  same  for  all  lines,  10  nl/min/mm.  A  value  of  10  mmol/1  has 
been  assigned  to  K(max).  therefore  equals  100  pmol/min. )  Note 

that  when  K(0)  =  K(max),  all  plots  intersect  at  the  x  axis  since  net 
K  absorption  will  be  zero  regardless  of  flow  rate.  As  indicated  above, 
net  K  absorption  is  more  markedly  influenced  by  K(0)  as  higher 


flow  rates. 
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Of  the  models  considered  here  in  Part  II,  the  linear  K(0)  sensitivity 
shown  in  Figure  II. 6b  is  unique  to  Models  A  and  B,  and  as  will  be  seen, 
this  feature  will  be  quite  helpful  in  distinguishing  the  K  secretory 
behavior  of  these  two  models  from  others. 


From  what  has  been  demonstrated  up  to  this  point ,  several  observations 
will  be  made  regarding  Models  A  and  B. 


Secretory  potency 


The  maximal  rate  of  K 
ka  and  K(max): 


secretion  is  defined  in  relation  to  the  parameters 

max  _ 

s  a 


and  for  Models  A  and  E 


A  : 


max  _  n  .  T 
*s  ’  CK*k2l’L 


B  : 


jnax  _  T  _ 21 

o  “  J32’  k01+k„ 


21  23 


Since  for  Model  B,  (fP  =  J_0/k0. 

K  32  2a 


k. 


B 


23 


max  pinax  . 

*s  K  ‘  K21  ‘  k21+k23 


(35) 

(36a) 

(36b) 


It  is  apparent  that  in  comparing  equations  (35)  and  (36b),  for  equivalent 

rate  parameters  and  maximum  cell  K  concentrations,  the  secretory  potency 

of  Model  A  will  be  stronger  than  Model  B  since  the  term  k22/(k22  +  k^) 

is  necessarily  less  than  unity.  On  the  other  hand,  it  should  be  noted 

rnax 

that  either  model  will  achieve  any  arbitrarily  assigned  <£>„  if  the 

o 

flux  parameters  are  appropriately  valued. 
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It  is  worth  pointing  out  that  both  models  accord  well  with  the  notion 
that  the  magnitude  of  K  secretion  is  dependent  in  part  on  the  activity 
of  the  Na-K-ATPase  mediated  flux,  J ^  and  the  consequent  effect  on  cell 
K  concentration  (19,23,60).  For  example,  elevation  of  the  blood  K 
concentration  c  ould  stimulate  an  augmentation  of  5  311  ^-ncrease  ^ 

cell  K  concentration  (all  other  things  being  equal ) ,  and  an  enhanced 
rate  of  K  secretion  by  both  models.  Also  noteworthy  is  that  an  in¬ 
crease  in  the  value  of  the  rate  coefficient,  k^,  resulting  from  a 
decreased  luminal  membrane  PD  and/or  increased  K  permeability  would 
enhance  K  secretion  for  both  models.  Aldosterone  has  been  claimed  to 
be  a  hormonal  mediator  of  such  changes,  though  this  view  remains  contro¬ 
versial  (31,59,60). 


Flow  dependency 

As  concluded  earlier,  K  secretion  flow  dependency  can  best  be  related 
to  the  parameter  k  .  That  is, 

-predominantly  flow-limited  flow  dependency  when  V  <  k^L 

-predominantly  transport-limited  flow  dependency  when  V  > 

For  a  given  set  of  rate  coefficients,  Model  A  will  exhibit  a  wider  flow 
rate  range  of  flow-limited  secretion  since 


.  A  . 
ka  =  k12 


k. 


,  B  ,  23 

ka  ”  ^12'  k21+k23 


and, 


k. 


23 


k21+k23 
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KCO)  sensitivity 

Since  the  luminal  K  concentration  entering  the  late  distal  tubule  is 
usually  2.0  mmol/1  or  less,  K(0)  sensitivity  is  relevant  in  the  phy¬ 
siological  setting  only  in  those  few  instances  where  K(0)  has  been 
recognized  to  exceed  this  value  (20,23).  However,  the  linear  K(0) 
sensitivity  of  Models  A  and  B  is  distinct  from  all  other  models  to  be 
considered,  and,  therefore,  experimental  data  bearing  on  the  relation¬ 
ship  of  #(net)  to  K(0)  over  a  broader  than  physiological  range  of 
initial  K  concentrations  would  be  valuable  in  relating  in  vivo  kinetic 
behavior  to  the  theoretical  predictions  of  Models  A  and  B.  Limited  work 
in  this  area  has  been  undertaken  already  by  Good  and  Wright  (27),  and 
the  relevance  of  their  results  to  Models  A  and  B  will  be  discussed  towards 


the  end  of  Part  II. 


H.  INCORPORATION  OF  IN  VIVO  KINETIC  DATA  INTO  PARAMETERS  OF  MODELS  A  AND  B 


In  order  to  develop  a  quantitative  assessment  of  Models  A  and  B  appro¬ 
priate  to  in  vivo  K  secretory  kinetics,  it  will  be  necessary  to  assign 
realistic  values  to  the  various  kinetic  parameters  of  the  model  equations . 
The  only  available  experimental  data  suitable  for  this  purpose  comes 
from  the  classic  distal  tubule  potassium  kinetic  study  of  DeMello— Aires 
et_  al_  (19).  Briefly  outlined,  the  experimental  method  involved  the  per¬ 
fusion  of  capillary  networks  surrounding  small  segments  of  the  late 

ii  2 

distal  tubule  with  a  K  tracer  solution  while  simultaneously  perfusing 
the  tubular  lumen  with  a  tracer-free  solution;  measurement  of  the  steady  - 
state  flux  of  tracer  from  cell  to  lumen;  and  then,  after  discontinuance 
of  the  peritubular  perfusion,  measurement  of  the  washout  of  tracer  from 
cell  to  lumen.  Based  on  a  mathematical  treatment  of  three  comparement 
tracer  kinetics  applied  to  the  experimental  data,  rate  coefficients  and 
fluxes  for  the  luminal  and  peritubular  membranes  and  cellular  K  trans¬ 
port  pools  were  calculated.  The  perfusates  used  were  characterized  as 
"steady  state"  solutions  -  that  is,  their  ionic  compositions  were  tailored 
to  nullify  any  net  electroyte  or  fluid  trans epithelial  fluxes  during  the 
course  of  the  experiment.  Thus,  the  kinetic  parameters  were  derived  in 
the  setting  of  this  steady  state  condition. 

Five  experimental  groups  of  rats  were  studied:  normal  diet,  low  K  diet, 
higfr  K  diet,  low  Na  diet,  and  acute  bicarbonate  infusion.  A  descrip¬ 
tion  of  the  five  experimental  classes,  the  peritubular  and  luminal  steady 
state  perfusate  ionic  compositions,  and  the  derived  rate  parameters  are 
outlined  in  Tables  II. 3  and  II. 4. 


■ 


Table  II. 3  Experimental  groups  of  DeMello-Aires  et  al  (19) 
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Table  II. 4  DeMello- Aires  et  al  kinetic  data  (19) 
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Since  the  rate  coefficients  of  Models  A  and  B  are  assumed  to  be  constant, 
independent  of  x,  flow  rate,  and  luminal  or  cell  K  concentration,  the 
parameters  measured  during  the  steady  state  condition  of  the  DeMello-Aires 

experiment  are  assumed  to  represent  values  applicable  to  the  model  equa- 

£  —1 

tions.  Although  the  dimensions  of  the  rate  coefficients  ky  (min  ) 

2  —1 

differ  from  those  of  the  model  equations  (cm  min  ),  it  is  possible  to 
derive  values  for  k.  .  as  follows.  First,  the  K  concentration  of  the 

-SJ 

luminal  steady  state  perfusate  is  equivalent  to  K(max)  in  the  model 
equations.  (Recall  that  when  the  model  system  is  perfused  with  K(0)  = 
K(max),  no  net  transport  results,  the  situation  which  is  stated  to  exist 
in  the  DeMello-Aires  experiment . )  Knowing  the  luminal  and  cell  K  con¬ 
centrations  permits  one  to  calculate  k^0,  k21,  and  k2?  as  follows 
(  designates  DeMello-Aires  parameters;  K  ,  the  luminal  K  perfusate 

ir 

concentration) : 


ki2  = 
k21  = 
k23  = 


#  # 

AA 
*  # 
J21/CK 
*  * 
J23/CK 


Table  II. 5a  gives  the  results  of  the  computations  for  the  various  rate 
coefficients . 


The  DeMello-Aires  kinetic  data  does  not  offer  a  basis  for  testing  the 
assumptions  of  Models  A  or  B  since  the  derived  parameters  apply  to  only 
one  in  vivo  condition  -  the  "steady  state"  -  when  no  net  transport  oi  K 
occurs.  With  this  as  an  initial  point  of  reference  for  comparing  Models 
A  and  B,  it  will  be  seen  that  their  secretory  kinetics  will  d — or  sign¬ 
ificantly. 
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Table  II .  5  DeMello— Aires  kinetic  data  adjusted  for  use  in  Models  A  and  B 
equations 


A)  Adjusted  Delfello- Aires  rate  coefficients  (nl  min-'*'  irm-'*') 


1  ** 

r 

i — i 

<N 

k23 

Normal  diet 

9.15 

1.00 

0.74 

Low  K 

13.87 

0.89 

0.51 

High  K 

9.15 

1.15 

1.05 

NaHC03 

9.30 

1.09 

0.82 

Low  Na 

33.20 

1.07 

0.82 

Models  A  and  B  parameters 

k 

a 

calculated  from  DeMello- Aires  kinetic 
K(max)  J^/L  dg* 

,  ,  .  -1  -1 
(nl  min  nm 

A  B 

)  (mmol/1)  (pmol 
A  Sc  B  A 

.-1  - 

nun  irm 

B 

■*")  (rnnol 
A  &  B 

r1) 

B 

Normal  diet 

9715  3789 

10 

91.5 

38.9 

91 

39 

Low  K 

13.87  5.05 

3 

41.6 

15.2 

47 

17 

High  K 

9.15  4.37 

20 

183 

87.4 

159 

76 

NaHC03 

9.30  3.88 

20 

186 

77.6 

176 

73 

Low  Na 

33.20  14.40 

5 

166 

72.0 

155 

67 
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Applying  the  adjusted  rate  coefficients  for  normal  diet  animals  to  the 
model  equations, 

max  n 

%  ^ 

(pmol/min/mm) 

91.5 
38.9 

x,  and  cf11  for  all  the 
experimental  groups.  The  presentation  which  follows  will  concentrate 
primarily  on  the  data  from  the  normal  diet  animals.  Later,  when  a  more 
general  solution  for  Models  A  and  B  incorporating  volume  reabsorption  is 
developed,  a  brief  comparison  of  the  model  predictions  for  all  five 
experimental  classes  will  be  made. 


K(max) 

Cnl/irin/mn)  Tmmol/l) 

Model  A  9.15  10.0 

Model  B  3.89  10.0 


Table  II. 5b  gives  K(max),  k  ,  $nux/L,  CfT 

as  k 


1.  Axial  K  Concentration  Profile  as  a  function  of  V  and  K(0) 

Figure  II. 7  represents  a  plot  of  K(x)  as  a  function  of  x  for  Models 
A  and  B, 

K(x)  =  K(max)-[1  -  exp(-k  -x/V)],  0  <  x  5  1.0  mm 

Cl 

which  is  equation  (12)  with  K(0)  =  0  and  the  tubule  length  set  at  1  mm 
(a  value  to  be  used  throughout  the  remainder  of  the  presentation).  The 
potassium  concentration  is  seen  to  rise  exponentially  from  x  =  0  to 
x  ~  L,  the  rate  and  overall  magnitude  of  the  rise  being  less  at  higher 
flow  rates.  Since  K(max)  is  the  same  for  both  models,  each  plot  is 
approaching  asymptotically  the  value  of  K(max),  10  mmol/1.  Model  A, 
the  more  potent  of  the  two  secretory  models ,  shows  K  concentrations  that 


K(x)  (mmol/1)  K(x)  (jirool/l) 
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Length  along  tubule  (mm) 


Length  along  tubule  (mm) 

Figure  II. 7  K(x)  plotted  as  a  function  of  x,  the  length  along  the 

modeled  tubule.  Plots  are  for  Models  A  and  B  at  different 
flow  rate.  K(0)  =  0  for  all  plots. 
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exceed  those  attainable  by  Model  B  in  all  comparable  instances.  Figure 
II. 8  demonstrates  the  effect  of  raising  the  initial  K  concentration 
while  holding  V  constant  at  5  nl/min.  When  K(0)  is  less  than 
K(max),  the  modeled  epithelia  progressively  elevate  the  luminal  K 
concentration,  but  at  a  slower  rate  as  K(0)  approaches  K(max).  For 
K(0)  values  exceeding  K(max),  the  epithelia  reabsorb  luminal  K  re¬ 
sulting  in  a  lowering  of  K  concentration  as  fluid  progresses  along  the 
tubule.  All  lines  converge  asymptotically  towards  K(max)  at  x  =  L. 

A  comparison  of  the  luminal  profiles  for  Models  A  and  B  indicates  that 
the  former  is  both  a  more  potent  K  secretory  and  K  reab sorptive 
model. 

2.  K(L)  as  a  function  of  K(0)  and  V 

K(L)  =  K(0)*exp(-k  *L/V)  +  K(max) • [1  -  exp(k  -L/V)] 

a,  3. 

The  plots  of  K(L)  vs.  V  for  several  initial  K  concentrations  are 
shown  in  Figure  II. 9.  At  zero  flow  rate,  both  models  achieve  the  same 
equilibrium  state  with  K(L)  =  K(max).  With  increasing  flow  rate,  K 
concentration  falls  (or  rises  when  K(0)  >  K(max) )  to  a  greater  extent 
in  Model  B  than  in  A.  The  diminution  of  K  concentration  with  increasing 
flow  rate  is  significantly  influenced  by  the  initial  K  concentration. 
Note  that  in  all  instances  K(L)  approaches  K(max)  at  low  flow  rates 
and  K(0)  at  high  flow  rates. 

3 .  Net  K  absorption  as  a  function  of  V  and  K(0) 


<f»(net)  =  V*K(L)  -  V*K(0) 


K(x)  (mol/1)  K(x)  (mmol/l) 
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Fiqure  II.  8  K(x)  as  a  function  of  x,  the  length  along  the  modeled 

tubule  at  different  initial  K  concentrations,  K(0) ,  for 
Models  A  and  B. 
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Flow  rate  (nl/min) 


Flow  rate  (nl/min) 

Figure  II. 9  K(L)  as  a  function  of  flew  rate  at  several  initial  K  con- 
-  centrations,  K(0)  ,  for  Mb dels  A  and  B. 
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The  K  transport-flow  rate  profiles  for  Models  A  and  B  are  demonstrated 
in  Figure  II.  10.  The  greater  secretory  potency  of  Model  A  over  B  is 
evident,  the  secretory  maximum  of  Model  A  being  2.35  times  greater  than 
that  for  B.  Importantly,  for  Model  A  the  range  of  flow- limited  secretory 
behavior,  which  as  previously  noted,  occurs  at  flow  rates  less  than 
ka*L,  extends  up  to  9  nl/min  as  compared  to  approximately  4  nl/min 
for  Model  A.  K  secretion  begins  to  plateau  beyond  these  flow  rates. 

Also  apparent  from  Figure  II.  10  is  the  significant  sensitivity  that  both 
models  exhibit  to  the  changes  in  initial  K  concentration.  Net  K 
reabsorption  is  demonstrated  when  K(0)  =  15  mmol/1,  a  value  which 
exceeds  concentrations  found  in  physiologic  settings.  However,  it  is 
noteworthy  that  a  reabsorptive  capability  is  predicted  by  the  models 
since  this  phenomenon  has  been  demonstrated  in  in  vivo  microperfusion 
experiments  to  be  discussed  later  (27). 

4  .  Total  K  axial  flux  at  x  =  L,  $(L) 

The  K  load  entering  the  cortical  collecting  duct  represents  a  contri¬ 
bution  not  only  from  K  secreted  by  the  late  distal  tubule  but  also 

from  K  delivered  to  the  distal  segment.  Since,  as  we  have  seen,  K(0), 
when  elevated,  acts  to  decrease  the  magnitude  of  net  K  secretion,  it 
is  relevant  to  consider  what  effect  varying  concentrations  of  K(0)  will 
have  on  the  toal  axial  K  flux  emerging  from  the  modeled  distal  tubule. 
What  proportion  of  this  flux  is  accounted  for  by  the  distal  tubule  secre¬ 
tory  segment? 


Net  K  absorption  (pmol/rain)  Net  K  absorption  (prrol/min) 
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Flow  rate  (nl/min) 


rate  (nl/min) 


Figure  II.  10  Net  K  absorption  plotted  as  a  function  of  flew  rate  at 
-  several  initial  K  concentrations,  K(0) ,  for  Models  A  and  B. 
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The  axial  K  flux  at  the  end  of  the  modeled  secretory  tubule  is  given 
simply  by 


$(L)  *  V-K(L) 


In  Figure  II.  11,  'KL)  and  $(net)  are  plotted  as  a  function  of  V  for 
Model  A  only.  What  is  striking  is  that  when  K(0)  equals  3  to 
5  mmol/1,  at  moderate  to  high  flow  rates,  the  contribution  of  the  secre¬ 
tory  segjnent  (net  K  secretion)  to  the  total  emerging  flux  is  signifi¬ 
cantly  less  than  fifty  per  cent.  Thus,  if  Model  A  represents  a  good 
approximation  of  in  vivo  behavior,  it  can  be  concluded  that  under  phy¬ 
siological  circumstances  in  which  the  K  load  entering  the  late  distal 
tubule  (K(0)  •  V(0))  is  significantly  elevated,  the  K  load  delivered 
to  the  cortical  collecting  duct  may  in  fact  represent  proportionally 
more  of  the  K  escaping  proximal  nephron  reabsorption  than  K  secreted 
by  the  distal  tubule.  It  will  be  recalled  that  in  the  discussion  in 
Part  I  regarding  the  prolonged  K  infusion  series  of  experiments,  the 
possibility  that  the  delivered  load  of  K  to  the  distal  tubule  might 
significantly  influence  urinary  K  excretion  was  discussed  and  hypothe¬ 
sized  to  be  one  among  several  possible  explanations  for  the  augmented 
K  secretion  seen  during  the  prolonged  K  infusion  and  volume  expansion 
state . 


5  .  Net  K  absorption  as  a  function  of  K(0) 

The  linear  relationship  of  $(net)  to  K(0)  when  flow  rate  is  held  con¬ 
stant,  previously  demonstrated,  is  again  shown  in  Figure  11.12  utilizing 
the  parameters  of  Models  A  and  B.  Note  that  for  any  given  flew  rate, 
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Figure  II.  11  (£(L)  and  (j)(net)  as  a  function  of  flew  rate  for  several  initial 

-  K  concentrations,  K(0) .  Plots  are  for  Model  A. 
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Figure  11.12  Net  K  absorption  plotted  as  a  function  of  K(0)  at  several 
flew  rates  for  Models  A  and  B. 
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Model  A  has  a  greater  K(0)  sensitivity,  that  is,  a  more  negative  slope, 
than  Model  B,  which  translates  to  both  a  higher  secretory  and  reabsorp- 
tive  capability. 

6  •  Cell  potassium  concentration  variability  in  Model  B 

Equations  (25-27)  give  the  expressions  necessary  for  assessing  mean  cell 
potassium  concentrations  under  varying  luminal  conditions. 

CK  =  <-*  -  $(net)/(k23*L)  (25) 

Cf*  =  J32/(k23)  (26) 

cf*  =  Cfx-  k23/(k21  +  k23)  (27) 

The  above  equations  indicate  that  mean  cell  K  will  vary  in  direct  pro¬ 
portion  to  $(net)  between  the  two  limiting  values  C^ax  and  d^. 

The  proportionality  factors  equals  l/k23*  C^'ax  for  Model  B,  91  mmol/1, 

is  equal  to  the  constant  cell  K  concentration  maintained  by  Model  A. 
cT  may  be  calculated  from  equation  (25)  to  equal  39  mmol/1. 

Figure  II.  13a  gives  the  plots  of  mean  cell  K  vs.  V  for  Model  B 

(K(0)  =  0)  with  the  constancy  of  Model  A’s  cell  K  indicated  for  refer¬ 
ence.  Interestingly,  mean  cell  K  drops  relatively  quickly  as  flow  rate 

increases  from  0  to  10  nl/min  in  Model  B  and  virtually  stabilizes  near 

its  minimum  value  thereafter.  Indeed,  the  apparent  near  constancy  of 

cell  K  from  10  nl/min  upwards,  if  experimentally  measured,  would 

seem  to  confirm  the  postulate  of  a  constant  cell  K  invoked  for  Model  A. 
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a) 


b) 


Flow  rate  (nl/min) 


Figure  11.13  Cell  K  concentration  as  a  function  of  flow  rate  in  Model 
B.  In  (a) ,  the  constant  cell  K  concentration  of  Model  A 
is  contrasted  with  Model  B.  In  (b) ,  the  effect  of  K(0) 
on  cell  K  in  Model  B  is  demonstrated. 
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As  cautioned  in  an  earlier  footnote  to  Table  II. 4,  the  absolute  values  of 
cell  K,  as  depicted  in  Figure  11.13,  must  be  interpreted  with  caution 
because  of  the  substantial  margin  for  error  noted  by  DeMello— Aires  et  al 
in  their  calculation  of  cell  K  concentrations.  Nonetheless,  it  is 
interesting  to  point  out  that  the  seemingly  low  values  of  cell  K  pre¬ 
dicted  by  Model  B  are  not  inconsistent  with  the  experimental  findings  of 
Khuri  et  at_  who  measured  with  a  K  sensitive  intracellular  liquid  ion- 
exchange  microelectrcde  a  mean  cell  K  concentration  of  46.5  irmol/1 
in  the  late  distal  tubule  of  normally  dieted  rats  under  free  flow  condi¬ 
tions  (35). 

Figure  II.  13b  shows  the  variation  of  mean  cell  K  with  flow  rate  for 
Model  B  at  different  K(0)  concentrations.  With  increasing  initial  K 
concentrations,  cell  K  is  maintained  closer  to  its  maximum  concentra¬ 
tion  as  flow  rate  increases.  When  K(0)  =  K(max),  ceil  K  is  stabilized 
at  its  maximum  value  for  all  flow  rates.  This,  incidentally,  is  the 
condition  under  which  the  DeMello-Aires  experiments  were  performed,  and 
thus  Figure  13b  graphically  illustrates  why  the  cell  K  estimates  deter- 
mined  in  that  experiment  are  identical  with  the  value  of  '  as  used 
in  the  model  equations.  The  variability  of  the  response  of  cell  K  to 
changes  in  luminal  conditions  is  clearly  emphasized  by  the  fact  that 
Model  B  predicts  that  the  cells  will  gain  potassium  with  increasing  flow 
rate  if  K(0)  exceeds  K(max).  In  this  circumstance,  the  epithelium  is 
reabsorbing  rather  than  secreting  potassium. 


In  summary,  the  models  predict  a  flow-dependent  potassium  secretion  charac 
terized  by  a  rising  rate  of  K  secretion  with  increasing  luminal  flow 
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rates.  K  secretion  plateaus  within  physiological  flow  rate  ranges  for 
both  models.  The  constant  cell  K  concentration  maintained  by  the  epi¬ 
thelium  as  postulated  by  Model  A  exhibits  a  more  potent  and  flow-limited 
secretory  behavior  than  Model  B  in  which  the  blood  to  lumen  flux,  J  ^ 
is  unresponsive  to  luminal  events.  Model  B  more  closely  approximates  a 
transport-limited  K  secretory  system.  The  K  secreting  capability 
of  both  models  is  conditioned  in  part  by  the  concentration  of  K  entering 
the  beginning  of  the  tubule  segment.  That  is,  net  K  secretion  is  re¬ 
duced  as  K(0)  increases,  reverting  to  net  K  reabsorption  when  K(0) 
exceeds  K(max).  The  total  flux  of  K  leaving  the  tubule  becomes  pro¬ 
portionally  more  dependent  on  the  entering  K  load  when  K(0)  is  raised 
beyond  2  mmol/1.  Cell  K  concentrations  in  Model  B  vary  over  a  range 
of  39  to  91  mmol/1  with  luminal  flow  rate  when  K(0)  is  less  than 
K(max).  This  variability  is  largely  confined  to  low  flow  rates. 
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I.  VOLUME  REABSORPTION  EFFECTS  ON  K  SECRETION 

In  order  to  assess  the  effect  volume  reabsorption  will  have  on  the  K 
secretory  behavior  of  Models  A  and  B,  it  is  necessary  to  define  volume 
flow  rate  as  a  function  of  x  -  a  ''flow  function.”  The  flow  function 
to  be  utilized  here  will  be  derived  somewhat  speculatively  since  there 
is  little  experimental  data  or  analysis  which  can  be  drawn  on  to  accura¬ 
tely  characterize  the  nature  of  volume  reabsorption  in  the  distal  tubule. 
Before  giving  the  derivation  of  this  function,  the  discussion  will  first 
address  the  question:  Is  it  possible  to  define  the  maximum  and  minimum 
effects  that  a  given  magnitude  of  volume  reabsorption,  AV  =  V(0)  -  V(L), 
can  be  expected  to  have  on  K  secretion? 

From  the  kinetics  of  Models  A  and  B  already  analyzed,  it  can  be  stated 
from  the  outset  that  volume  reabsorption  will  always  act  to  reduce  net 
K  secretion  from  the  level  attained  under  conditions  of  no  volume  reab¬ 
sorption,  This  statement  derives  its  validity  from  the  fact  that  the 
reabsorption  of  fluid  at  any  point  along  the  tubule  will  raise  luminal 
K  concentration  .  From  equation  (20), 

J  (x)  =  J™*  -  K(x)  *k  (20) 

s  s  a 

we  know  that  J  (x)  will  necessarily  be  diminished  by  the  elevated  lumi- 
s 

nal  K  concentration.  Since  the  raised  luminal  K  concentration  effected 
by  volume  reabsorption  does  not  augment  the  axial  flux  of  potassium,  the 
depressant  action  of  the  increased  K(x)  on  Js(x)  will  be  the  only 
relevant  effect. 

The  magnitude  of  the  effect  that  volume  reabsorption  ’will  have  on  K 
secretion  will  depend  in  part  on  whether  the  bulk  of  fluid  is  absorcea 
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early  or  late  along  the  course  of  the  tubule.  If  early,  the  raised 

luminal  K  concentration  will  depress  J  throughout  the  remainder  of 

s 

the  tubule.  If  late,  the  tubule  will  be  able  to  maximize  its  secretory 
K  flux  before  volume  reabsorption  effects  become  manifest.  Thus,  it  is 
appropriate  to  consider  two  hypothetical  flow  functions  which  might  be 
anticipated  to  exert  maximal  and  minimal  volume  reabsorption  depressant 
effects  on  K  secretion. 

1)  Mnimum  K  secretion 
inhibition  flow  function 

f V(0),  0  <  x  <  L| 

V(x)  =\  f  V(x) 

[V(0)-AV,  x  =  LJ 

0  x  L 

2)  Maximum  K  secretion 
inhibition  flow  function 

j  AV 

0  x  L 
where:  =  V(0)  -  V(L) 

In  the  first  case,  the  entire  volume  is  reabsorbed  "instantly"  at  x  =  L 
thus  enabling  the  tubule  to  carry  out  its  secretory  function  with  minimd 
inhibition.  In  the  second  case,  AV  is  transported  across  the  epithe¬ 
lium  at  x  =  0  after  which  flow  remains  constant  at  a  rate  V(x)  = 

Thus  the  inhibiting  effect  of  volume  reabsorption  on  Js  is  max_malr/ 
exerted  by  allowing  the  rise  in  luminal  K  concentration  to  occur  ac  the 
earliest  possible  point  along  the  tubule.  It  will  be  theorized  that  flow 


'V(O),  X  =  0  | 

V(x)  =  < 

(  V(x) 

V(0)-AV,  0  <  x  i  LJ 
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functions  1  and.  2  in  fact  represent  modes  of  volume  reabsorption 
which  exert  minimum  and  maximum  effects  respectively  on  K  secretion 
in  Models  A  and  B. 

For  the  purpose  of  illustration,  the  basic  differential  equation  incor¬ 
porating  the  two  flow  functions  will  be  solved  for  the  case  of  Model  A 
only.  The  appropriate  equations  are: 

Case  1)  CV(0)  -  H1(x)*aV]^^-  =  CK*k21  -  K(x)-k12 

Case  2)  [V(L)  +  H2(x)-aV]^^-  =  C^k^  -  K(x)-k12 

where  H(x)  is  the  Heaviside  unit  step  function. 


r0, 

< 

0  S  x  <  L' 

>  Hp(x)  y 

1> 

0 

11 

X 

1, 

II 

X 

2 

,0, 

0  <  x  5  LJ 

The  integrated  solutions  are  readily  found. 

Case  1:  minimum  K  secretion  inhibition  flow  function 

$(net)  =  V(0)  •  [K(max  -  K(0)][1  -  exp(-k12’LAT(0)]  (37) 

Case  2:  maximum  K  secretion  inhibition  flow  function 

<f>(net)  =  [V(L)  *K(max)  -  V(0)*K(0)][1  -  exp(-k^2’I/V(U ) ]  (t8) 

where:  V(L)  =  V(0)  -  AV 

K(max)  =  cK*k2iAi2  • 

It  is  immediately  evident  from  equation  (37)  that  ior  a  given  V(0; 
and  aV,  net  K  secretion  can  never  exceed  the  rate  of  K  secretion 
attained  when  no  fluid  is  reabsorbed.  The  difference  between  equations 
(38)  and  (37)  would  mathematically  express  the  theorized  magnitude  of 
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effect  that  volume  reabsorption  may  have  on  inhibiting  K  secretion. 
Subtracting  equation  (38)  from  (37),  however,  creates  a  mathematical 
statement,  the  complexity  of  which  defies  facile  interpretation,  in 
part  because  of  the  many  variables  which  may  influence  the  magnitude 
of  volume  reabsorption  effects  (k  ,  aV,  V(0),  and  K(0)).  However, 
in  the  next  section,  equations  (37)  and  (38)  will  be  plotted  in  con¬ 
junction  with  the  flow  function  to  be  derived  next  in  order  that  the 
effects  on  K  secretion  resulting  from  a  more  realistic  approximation 
of  211  vivo  flow  rate  behavior  can  be  located  within  the  potential  range 
of  volume  reabsorption  effects. 

1.  Approximating  flow  function 

Fluid  reabsorption  in  the  late  distal  tubule  is  generally  believed 
to  represent  a  process  of  equilibration  between  the  hypotonic  fluid 
leaving  the  early  distal  tubule  and  the  isotonic  environment  of  the 
cortical  interstitium.  Hie  late  distal  segment  is  sensitive  to  ADH, 
and  thus  its  hydraulic  permeability  is  susceptible  to  the  osmoregulatory 
influences  of  ADH. 

The  driving  force  for  net  fluid  transport  from  the  lumen  to  the  int er¬ 
st  itraum  will  be  assumed  to  arise  from  the  difference  in  osmotic  pressure, 
An .  Therefore , 

-  ^Ll  ^  4„ (x) 

dx 

Since  the  osmotic  pressure  of  the  luminal  fluid  will  tend  to  change  in 
parallel  with  luminal  flow  rate,  as  a  first  approximation,  it  will  be 
assumed  that 


An  (x)  »C  V(x) 
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and  therefore  that 


dV(x) 


dx 


=  b-V(x) 


(39) 


-1 


where  b  is  a  constant  with  the  dimensions  mm 
Equation  (39)  integrates  over  the  boundaries  ]*_Q  and  ]y[g)  to  Siye 

-bx 


V(x)  =  V(0)e" 


(40) 


Since  a  higher  initial  flow  rate,  V(0),  may  be  assumed  to  reflect 
systemic  conditions  favoring  reduced  volume  reabsorption,  as  a  second 
approximation,  it  will  be  assumed  that  b,  the  rate  coefficient  of 
volume  reabsorption,  varies  inversely  with  V(0),  that  is, 

b  «:  1/7(0) 

We  may  then  define  a  second  volume  flux  parameter,  (3,  by  the  relation¬ 
ship 

b  =  p/7(0) 

where  p  has  the  dimensions,  nl/min/n nm.  Substituting  into  equation 
(40),  we  have 

V(x)  =  V(0)*exp[-p-x/V(0)]  (4la) 

and 

V(L)  =  V(0) *exp[-p -L/V(0) ]  (4lb) 

The  flow  function  defined  by  equation  (4la)  will  be  employed  to  appro¬ 
ximate  in  vivo  luminal  flow  rate.  Empirically,  it  is  tound  that  by 


setting  the  value  of  p*L  at  7.5  nl/min,  equation  (4lb)  predicts  quite 
well  the  relationship  between  V(0)  and  V(L)  as  measured  during  in  vivo 
saline  volume  expansion  experiments.  Shown  in  Figure  II.l-a  is  data 
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from  three  experiments  tore  early  and  late  distal  luminal  flow  rates 
were  recorded  (36,39,51).  Early  distal  flow  is  taken  to  be  equivalent 
to  V(0)  and  late  distal  to  V(L).  The  plotted  line  represents  a  graph 
of  equation  (4lb).  As  seen,  the  predictive  value  of  the  equation  is 
remarkably  good.  Figure  11.14b  demonstrates  the  axial  profile  of  luminal 
flow  rates  predicted  by  the  derived  flow  function  for  several  values  of 
V(0).  How  well  the  plots  reflect  in  vivo  flew  rate  behavior  is  not  known. 

Having  developed  an  approximating  function  for  V  =  f(x),  we  can  now 
seek  a  more  general  solution  to  the  fundamental  differential  equation. 
Combining  equations  (4)  and  (4la),  we  obtain 

d[V(x)  *K(x)  ]  _  dK(x)  .  dV(x) 
dx  "  VU)  "dF-  +  K(x)  -dF- 

=  V(0)  *exp[-p  *x/V(0)]^~^-  -  K(x)*p-exp[-  *x/V(0)] 

=  CK(x)-kpi  -  K(x)*k12 

Under  the  assumptions  of  Models  A  and  B,  this  expression  cannot  be  inte¬ 
grated  in  closed  form,  and,  therefore,  methods  of  numerical  analysis 
were  employed  to  develop  the  graphs  which  follow.  The  method  of  Runge- 
Kutta,  a  fourth-order  algorithm  for  approximating  roots  to  differential 
equations  was  used.  The  solutions  were  generated  by  a  Hewlett  Packard 
computer  (9815A)  and  plotter  (9862A).  The  plots  which  follow  are  for 
the  constant  cell  K  concentration  case  only. 

Plotted  in  Figure  11.15  is  $(net)  vs.  V(0)  for  several  initial  K 
concentrations  utilizing  the  parameters  of  DeMello-Aires  as  calculated 
for  normal  diet  animals.  As  previously  discussed,  the  potential  range 
of  fluid  reabsorption  effects  is  illustrated  on  each  graph  by  plotting 


-  133  - 


Figure  11.14  a)  Late  distal  flew  rate  as  a  function  of  early  distal 

flew  rate.  Line  represents  a  plot  of  approximating 
flew  function  (see  text) .  Symbols  correspond  to  data 
from  in  vivo  experiments :  squares ,  reference  36 , 

+  's,  39,  and  x's,  51. 

b)  Axial  flew  rate  profile  of  approximating  flew  function 
for  several  initial  flew  rates,  V(0). 
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equations  (37)  and  (38).  AV  is  the  sane  in  all  plots,  being  defined 
by  equation  (4la),  that  is, 

AV  =  V(0)  -  V(0)-exp[-8 -1/7(0)] 

Although  the  derived  flow  function  demonstrated  luminal  fluid  flow 
rate  profiles  roughly  intermediate  between  the  two  hypothetical  flow 
functions  (Figure  II. lib) ,  it  is  apparent  from  Figure  H.15  that  net  K 
secretion  in  the  fluid  reabsorption  model  is  maximally  inhibited  when 
K(0)  =  0  and  only  somewhat  less  so  as  K(0)  is  raised  to  6  mmol/1. 
Also  of  interest  is  that  when  K(0)  is  greater  than  zero,  net  K 
reabsorption  occurs  at  low  flow  rates.  Net  K  secretion  develops  only 
when  luminal  flow  rate  is  increased.  The  luminal  K  concentrating 
effect  of  fluid  transport  apparently  is  sufficiently  great  to  result 
in  net  K  reabsorption  at  low  flow  rates.  (That  is,  luminal  K  is 
raised  above  K(max)  thus  initiating  K  reabsorption) .  This  effect 
of  course  becomes  more  pronounced  at  higher  K(0)  concentrations. 


2.  §(net)  vs.  V  for  DeMello-Aires  five  experimental  groups 

Having  now  developed  a  means  for  evaluating  the  fundamental  differential 
equation  with  volume  reabsorption  taken  into  account,  it  is  appropriate 
to  return  to  the  DeMello-Aires  kinetic  data  and  very  briefly  examine 
the  K  secreticn-flow  rate  profiles  of  Models  A  and  E  for  all  five 
experimental  groups.  For  the  purposes  here,  it  will  be  assumed  that  the 
flow  function  derived  above  is  applicable  to  all  experimental  groups  and 
that  K(0)  is  fixed  at  2.0  rrmol/1  under  all  conditions.  The  appropriate 
kinetic  parameters  to  be  applied  to  Models  A  and  B  are  found  in  Table  II. 5- 


Net  K  absorption  (pmol/min)  Net  K  absorption  (pmol/min) 
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Figure  11.15  Net  K  absorption  as  a  function  of  flow  rate.  "Min"  indicates 
~ minimum  K  secretion  Inhibition  flew  function;  max  -  maximum 
K  secretion  inhibition  flew  function;  and  "FRM"  -  fluid  reab¬ 
sorption  model.  See  text  for  explanation. 
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Shown  in  Figure  II.  16  for  Models  A  and  B  are  ‘i/net)  vs.  V  plots, 
the  mean  flow  rate  being  derived  from  equation  (4lb), 

V  =  V(0)*exp[-p-x/V(0)]dx 

2 

=  [1  -  exp[-B-x/V(0)]] 

Since  ka  is  nearly  the  same  in  all  but  the  low  Na  diet  group,  the 
plots  are  principally  distinguished  by  their  differences  in  secretory 
potency ,  with  the  bicarbonate  infused  and  high  K  diet  groups  showing 
the  highest  rates  of  K  secretion.  As  expected,  the  low  K  diet  group 
is  remarkable  for  its  very  low  rate  of  net  K  transport.  Additionally, 
it  is  seen  that  net  K  secretion  in  the  low  K  group  is  not  achieved 
until  the  mean  luminal  flow  rate  is  greater  than  12  nl/min  and 
15  nl/min  in  Models  A  and  B  respectively.  The  low  Na  diet  group, 
with  a  ka  value  approximately  three  times  as  great  as  the  other  experi¬ 
mental  groups,  demonstrates  a  secretory  potency  comparable  to  the  normal 
diet  group  but  a  flow-dependent  K  secretion  behavior  that  is  more 
flow-limited  in  character  over  a  substantially  wider  range  of  flow  rates. 

It  is  tempting  to  correlate  the  model  predictions  of  Figure  II.  16  with 
in  vivo  K  secretion  data  since  the  magnitude  of  K  secretion,  parti¬ 
cularly  in  Model  A  for  the  normal  and  high  K  diet  groups,  approximately 
corresponds  to  in  vivo  measurements  (see  for  example  references  27,36, 
39,51).  However,  the  comparison  would  be  quite  speculative  since  in  vivo 
results  typically  are  given  for  K  transport  along  the  entire  distal 
tubule  segment  accessible  to  micropuncture  (Including  early  and  late 


K  secretion  (pmol/min)  K  secretion  (pmol/min) 
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HCO^  infused 
High  K  diet 


Normal  diet 
Lev/  Na  diet 


Low  K  diet 


High  K  diet 
HCO^  infused 


Low  Na  diet 
Normal  diet 


Lev;  K  diet 


Figure  11.16  Net  K  secretion  as  a  function  of  flow  rate  for  the  five 
—  DeMello- Aires  experimental  groups.  Models  A  and  B  are 

shown.  Kinetic  parameters  for  plots  taken  from  Table  II. 5. 
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distal  segments),  and  the  length  of  the  K  secreting  segment  is  uncer¬ 
tain.  The  temptation  is  therefore  resisted,  and  the  plots  of  Figure  II. 16 
are  presented  primarily  to  summarize  and  illustrate  the  range  of  flow- 
dependent  K  secretory  kinetics  predicted  by  Models  A  and  E  under  di¬ 
verse  physiological  conditions. 
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J.  NON-LINEAR  LUMINAL  REABSORPTIVE  PUMP  KINETICS 


Greatly  simplyfying  the  modeling  up  to  this  point ,  both  conceptually 
and  mathematically,  has  been  the  assumption  that  the  kinetics  of  the 
lumen  to  cell  flux,  J^2,  are  ^-^near’*  This  flux,  according  to  the 
cellular  model  of  Giebisch,  contains  both  passive  and  carrier-mediated 
components,  which  hereafter,  for  convenience,  will  be  identified,  along 
with  the  corresponding  rate  coefficients,  as: 

Ji2(x)  =  J^2(x)  +  J^2(x)  total  K  flux  1-2 

J12^x^  =  Passive  K  flux  1-2 

J^2(x)  =  K(x)*k^2  carrier-mediated  flux  1-2 


Because  of  the  assumption  of  constancy  of  the  luminal  membrane  PD  and 
permeability,  J^2  is  a  linear  flux;  that  is,  k^2  is  a  constant 
parameter.  However,  the  kinetic  behavior  of  J^2,  the  K  reabsorp- 
tive  pump  flux,  which  until  now  has  been  assumed  to  follow  linear  kine¬ 
tics,  is  unknown.  The  existence  of  a  luminal  K  reabsorptive  pump  is 
postulated  on  the  basis  of  several  experimental  observations  discussed 
in  detail  by  Giebisch  and  others  (23,30,65).  The  presence  of  a  carrier- 
mediated  lumen  to  cell  flux  can  be  inferred  though  not  proven  by  an 
evaluation  of  the  relative  magnitudes  of  the  k^2  and  k^  rate  coef¬ 
ficients  from  the  DeMello-Aires  kinetic  data.  Assuming  that  the  passive 
fluxes  are  adequately  described  by  the  Goldman  equation, 


J^2(x) 


Prrd' 


AEF  .  _  1. _ 

RT  *  1-exp  (-AEF/RT) 


J21(X) 


.AEF  _  exp(-AEF/RT) 

*  RT  *  1-exp (-AEF/RT) 


K(x) 

Cpr(x) 


where:  P  =  luminal  membrane  K  permeability 


AE  =  luminal  membrane  PD  at  x 
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then. 


_  AEF  Prrd 

12  "  RT  '  1-exp (-aEP/RT) 


AEF  Pnd-exp(-AEF/RT)  (h  . 
RT  '  1-exp (-aEF/RT)  D; 


If  we  now  divide 


k. 


21 


by  ^12’ 


we  obtain 
AEF 


k2iA^2  =  e 


"RT 


Assuming  a  luminal  membrane  PD  of  20,  30 


or  40  rnv,  a  range  encom¬ 


passing  a  variety  of  experimental  measurements,  the  ratio  of  the  two 
flux  coefficients  calculates  to  be: 


20  mv  30  mv  40  mv 

k21/k12  0,72  0,61  0,51 

Since  k^  has  been  assumed  to  mediate  an  entirely  passive  flux,  its 
value  can  be  taken  directly  from  Table  II. 5,  1.00  nl/min/mm  for  normal 

diet  rats.  The  calculated  therefore  equals: 

20  mv  30  mv  40  mv 

k^2  calculated  (nl/min/mm)  1. 40  1.65  1.95 

(normal  diet  group)  =9.15 

The  calculated  values  of  k^2  is  substantially  less  than  the  experi¬ 
mentally  derived  value  for  k^.  This  analysis  thus  supports  the  pro¬ 
bable  existence  of  a  carrier-mediated  transport  mechanism,  the  rate 
coefficient  of  which,  k™2,  contributes  to  the  overall  magnitude  of 

k12‘ 


1.  No  luminal  K  reabsorptive  pump  model 
Before  considering  alternative  kinetic  formulations  ±or  3  1^  wu_l 
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be  useful  to  examine  the  K  secretory  behavior  of  Model  A  in  the  absence 
of  the  carrier-mediated  flux.  For  illustration  purposes,  a  30  mv  lumi¬ 
nal  membrane  PD  will  be  assumed  and  the  appropriate  values  for  k^2 
and  k21  for  normal  diet  animals  drawn  from  the  above  calculations. 

The  net  flux  across  the  luminal  membrane  is  given  by 

Js(x)  =V-^0  =CK-k2i-K(x)-IcP2 

and  the  integrated  solution  is 

K(x)  =  K(0) rexp(-k^2*x/V)  +  K(max)*[l  -  exp(-k^2*x/V) ] 

$(net)  =  V* [K(max)  -  K(0)][1  -  exp(-k^2*L/V)] 

K(max)  =  CK.*k2,/kP  =  55.5  mmol/1  „  .  , 

^  1^  for  30  mv  luminal  membrane 

=  cK*k2i*L  =  9i.5  pmol/min  PD’  normal  ^ 

These  equations  are  identical  in  form  to  the  previously  derived  solu¬ 
tions  for  Model  A.  The  rate  coefficient  and  K(max)  take  on  signifi¬ 
cantly  different  values  than  for  Model  A,  whereas  ^Tmx  remains  un- 

s 

changed . 

Shown  in  Figure  11.17  are  graphs  of  K(L)  vs.  V  and  $(net)  vs.  V 
for  the  "no  luminal  pump"  model  and  Model  A.  Since  the  maximum  rate 
of  K  secretion  is  identical  for  both  models,  equal  to  the  constant 
flux  J2^,  the  secretory  potency  of  the  two  models  is  the  same.  How¬ 
ever,  the  K  secret ion- flow  rate  profiles  are  remarkable  different, 
with  the  no  luminal  pump  model  very  closely  resembling  the  transport- 
limited  model  of  Giebisch.  From  approximately  a  flew  rate  of  8  nl/min 
on  up,  secretion  lies  within  85%  of  its  maximal  value.  At  low  flow 
rates,  luminal  K  concentrations  in  the  no  luminal  pump  model  are  con¬ 
siderably  higher  than  for  Model  A. 


K  secretion  (pmol/min)  K(L)  (mnol/1) 
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Flew  rate  (nl/min) 


Figure  11.17  Model  A  contrasted  with  no  K  reafcsorption  luminal  pump 
model.  (a)  K(L)  as  a  function  of  flow  rate,  (b)  K 
secretion  as  a  function  of  flew  rate.  K(0)  =  0  for  all 
plots . 
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Prom  the  above,  it  can  be  appreciated  that  the  reabsorptive  pimp  figures 
strongly  into  the  flow-dependent  K  secretory  character  of  Model  A.  In 
effect,  potentially  high  concentrations  of  luminal  K  at  low  flow  rates 
are  obviated  by  the  action  of  the  luminal  K  reabsorptive  pump,  thus 
giving  rise  to  the  flow-dependent  K  secretory  behavior  of  Model  A. 
Therefore,  it  is  very  appropriate  to  consider  alternative  kinetic  formu¬ 
lations  for  as  we  can  expect  that  the  flow-dependent  K  secretion 

behavior  of  Model  A  will  depend  significantly  on  the  character  of  this 
carrier-mediated  flux. 


2.  Non-linear,  saturable  luminal  K  reabsorptive  pump  model 


In  the  absence  of  any  specific  guidelines  from  experimental  work  on 
which  to  base  the  kinetic  representation  of  J^i,,  it  is  simplest  and 
perhaps  most  illustrative  to  view  the  punp  as  a  saturable,  carrier- 
mediated  transport  mechanism  following  Michaelis-Menten  kinetics.  Thus 
we  will  assume  that  can  be  defined  by 


Tmax  jy-  f  \ 

J  -K(x) 

('y)  =  b2  _ 

J12Uj  K(x)+Kl/2 


(43) 


max 


where  is  the  maximum  flux  potentially  generated  by  the  pump, 

and  Kjy2  is  the  luminal  K  concentration  at  which  achieves  one- 

half  of  its  maximal  rate. 


Reformulating  the  fundamental  differential  equation  to  incorporate  the 
activity  of  the  luminal  reabsorptive  pump  along  ’with  the  passive  lumen 
to  cell  flux,  we  have 
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JSW=^i=J21W-jP2(x)-^(x) 


.  D  J^-Ktx) 

=  CK(x)'k21  -  K«-^2  -  -K(x)+Kl/2 


(44) 


The  above  differential  equation  cannot  be  solved  explicitly  for  K(x), 
and  therefore  the  numerical  method  of  Runge— Kutta  again  will  be  employed. 


We  will  consider  the  constant  cell  K  case  only,  and  therefore  compare 
the  above  mathematically  defined  model  with  Model  A.  In  order  to  make 
the  appropriate  comparisons ,  it  will  be  necessary  to  define  values  for 
J12X  ^  Kl/2  v^lich  ^  consistent  with  the  DeMello-Aires  data.  Since 
during  the  steady  state,  Jg(x)  =  0  and  K(x)  =  K(max),  equation  (44) 
transforms  to 

J^x*K(max) 

CK'k21  =  J21  =  K^mx),ki2  +  K(max)+K1/2 

and, 

J12  =  (K(mx)  +  Ki/2^K(max)  "  **12^ 


Equation  (45)  defines  J^2  in  terms  of  >2  and  three  other  para¬ 
meters  whose  values  may  be  derived  from  the  DeMello-Aires  data.  We  will 
arbitrarily  choose  to  consider  two  values  of  ^/2 ,  3  and  20  mmol/1 , 
as  representative  of  pump  kinetics  which  saturate  at  low  and  high  luminal 
K  concentrations,  and  again  take  the  value  of  ktjl  calculated  for  a 
30  rmv  luminal  membrane  (normal  diet  animals).  The  corresponding  values 
of  J^x  are: 

K-^  (mmol/1)  =3  20 

J^X(pmol/mrm/mm)  =  97.5  225 
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K(max)  =  10  mmol/1 
k^2  =  1*^5  nl/min/mm 
AE  =  30  mv 


The  non  linear  character  of  the  flax  for  the  above  kinetic  para¬ 

meters  along  with  the  linear  flux  of  Model  A  are  shown  in  Figure  II.  18 
where  is  plotted  as  a  function  of  the  luminal  K  concentration. 

The  passive  component  of  the  flux  is  indicated  by  the  dotted  line  and 
the  difference  between  its  value  and  the  total  J  flux  represents 
the  magnitude  of  the  carrier-mediated  flux  component. 


We  can  now  examine  the  behavior  of  the  K  secretory  system  defined  by 
equation  (44)  in  relation  to  Model  A.  Shorn  in  Fi&me  11.19  are  the 
plots  of  $(net)  and  K(L)  vs.  V  for  the  three  cases  with  K(0)  =  0. 
Model  A  again  exhibits  the  most  potent  K  secreting  capability  within 
the  range  of  flow  rates  shown  (0-40  nl/min).  However,  since  for 
all  cases  the  maximal  rate  of  K  secretion  is  limited  by  the  magnitude 
of  the  constant  flux  ,  which  is  the  same  for  each  model,  K  secre¬ 
tion  in  all  plots  is  rising  asymptotically  with  flow  rate  towards  the 
value  of  91.5  pmol/min.  The  rate  of  rise  is  most  rapid  for  Model  A 
and  less  so  as  ^/2  ^owere(^  f^0111  20  to  3  mmol/1.  Since  the  non¬ 
linear  pump  model  generates  a  higher  lumen  to  cell  flux  at  lower  flow 
rates  ( when  luminal  K  concentrations  are  relatively  elevated),  K 
secretion  is  accordingly  diminished  relative  to  Model  A. 


Turning  to  Figure  11.20  where  net  K  absorption  is  plotted  as  a  function 
of  K(0) ,  the  linear  K(0)  sensitivity  of  Model  A  contrasts  sharply 
with  the  non-linear  pump  models.  As  is  lowered,  the  non-linear 
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K  concentration  (rrmol/1) 


Figure  11,18  Lumen  to  cell  K  flux,  J]_2,  as  a  function  of  luminal  K 
concentration  for  Model  A  and  the  non-linear  luminal  K 
reabsorptive  pump  model  with  set  at  the  values  shewn. 
Dotted  line  indicates  the  passive  flux  component  of  the 
total  J]_2  flux  represented  by  the  other  lines. 


K  secretion  (pmol/min)  K(L)  (intiol/1) 
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Figure  11.19  K(L)  and  K  secretion  as  a  function  of  flew  rate  for  Model 
- -  A  ("A")  ,  and  the  non-liner  K  reabsorptive  purip  model: 

"NL  "  -  K  =3rrmol/l ,  "NL  " -  K,=20  nmol  A*  K(0)  =  0  for 
. ,  3  ,  .  *2  20  *2 

all  plots. 


Net  K  absorption  (pnrol/min)  Net  K  absorption  (pmol/min) 
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Fiqure  11.20  Net  K  absorption  as  a  function  of  K(0)  at  several  flew 

— “ -  rates.  Mel  A  is  indicated  by  "A";  the  non-linear  K  re- 

absorptive  pump  model  by  "NL^  '  nrnol/1)  and 

(K  =20  mnol/1) 
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pump  model  plots  become  more  curvilinear,  particularly  at  high  flow 
rates.  Additionally,  the  potency  of  net  K  reabsorption  is  reduced  in 
the  non-linear  pump  model,  most  significantly  when  equals 

3  mmol/1,  which  corresponds  to  a  J^x  of  97-5  pmol/min.  The  satura- 
bility  of  the  reabsorptive  punp  limits  the  rate  of  net  K  reabsorption. 
The  plots  for  V  -*■  00  maximally  expose  the  non-linear  character  of  the 

TOY 

luminal  punp  and  confirm  that  $  is  identical  for  all  cases. 
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K.  NON-CONSTANT  LUMINAL  MEMBRANE  PD 

In  this  section,  a  brief  analysis  will  be  undertaken  of  a  purely  hypo¬ 
thetical  model  to  illustrate  the  importance  of  the  assumption  of  a  con¬ 
stant  luminal  membrane  PD  in  Models  A  and  B  to  flow-dependent  K 
secretion.  As  noted  in  the  Introduction  to  Part  II,  if  the  luminal 
membrane  PD  were  to  become  more  polarized  as  a  consequence  of  a 
lowered  luminal  K  concentration,  the  net  K  secretory  flux  would 
tend  to  diminish  if  electrical  potential  driving  force  were  the  sole 
factor  to  be  considered.  On  the  other  hand,  if  cell  K  concentration 
were  maintained  at  a  constant  level  in  spite  of  the  fall  in  luminal  K 
concentration,  the  chemical  potential  for  net  K  secretion  would  be 
favorably  enhanced.  These  considerations  of  the  effect  of  luminal  K 
concentration  on  electrical  and  chemical  potentials  across  the  luminal 
membrane  briefly  introduce  the  model  to  be  considered  below. 

We  will  assume  a  hypothetical,  homogeneous  epithelium  with  the  following 
characteristics : 

—  Cell  K  is  maintained  at  a  constant  concentration,  indepen¬ 
dent  of  x  and  J  (x). 

s 

—  The  luminal  membrane  net  K  flux  is  defined  by  the  Goldman 
"constant  field”  equation  for  passive  transport  of  a  cation 
across  a  charged  membrane. 

—  The  luminal  membrane  PD  arises  solely  as  a  Nemst  K  dif¬ 
fusion  potential. 

Clearly,  this  model  is  based  on  assunptions  that  are  at  odds  with  known 
membrane  kinetic  properties  of  the  late  distal  tubule.  However,  its 
analysis  will  facilitate  an  appreciation  of  the  effects  of  luminal  mero- 
brane  PD  variability  on  K  transport. 
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The  appropriate  Goldman  equation  (6a) 


Js(x) 


was  given  previously: 

[CK-exp(-AEF/RT)-K(x)] 
LI  -  exp(-AEF/RT)] 


and  A  E  may  be  defined  by  the  Nemst  equation, 


(46) 


E  =  -  jMCj/KCx)]  (47) 

A  solution  to  equation  (46)  with  the  appropriate  substitution  from 
equation  (47)  can  be  found  again  by  the  numerical  method  of  Runge- 
Kutta.  The  value  of  the  term,  Prrd,  will  be  calculated  from  the  DeMello- 
Aires  kinetic  data  assuming  a  30  mv  luminal  membrane  PD  and  k21  = 

1.0  nl/min/mm  (normal  diet  group).  From  equation  (42b) 


A.EF  .  PrTd-exp(-AEF/RT) 
'21  RT  *  1  -  exp(-AEF/RT) 


(42) 


or 


and  for  A  E 


PTTd 
30  mv, 


RT  1  -  exp(-AEF/RT) 
AEF  *  exp(-AEF/RT) 

k^^  =1.00  nl/min/mm: 


Prrd  =  1.30  nl/min/mm 


Setting  cell  K  concentration  at  91  nmol/1,  we  have  now  defined  all 
the  parameters  of  equations  (46)  and  (47). 

Figure  II. 21a  presents  the  net  K  secretion  -  flow  rate  profile  for 
this  model  with  K(0)  values  of  0,  2,  and  5  mmol/1.  At  a  zero  initial 
K  concentration,  K  secretion  actually  declines  with  increasing  flow¬ 
rate.  The  luminal  membrane  polarizing  effect  of  a  falling  luminal  k 
concentration  with  higher  flow  rate  dominates  K  secretion  behavior . 
However,  when  K(0)  is  raised  to  2  or  5  mmol/1,  the  opposing  e^fd-S 
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Fiqure  11.21  K  secretion  as  a  function  of  flow  rate  (a)  and  net  K 

— 2 -  secretion  as  a  function  of  K(0)  (b)  for  variable  luminal 

membrane  PD  model .  Several  Initial  K  concentrations  (a) 
and  flew  rates  (b)  are  shown. 
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of  the  electrical  and.  chemical  potential  across  the  luminal  membrane  on 
K  transport  have  apparently  aligned  in  a  manner  that  produces  a  near 
constancy  of  net  K  secretion  under  variable  luminal  conditions.  In¬ 
terestingly,  when  K(0)  -  5  mmol/1,  flow  dependent  K  secretion  more 
closely  approximates  a  strictly  transport-limited  system  than  any  model 
previously  considered. 

Figure  II. 21b  demonstrates  a  K(0)  sensitivity  plot  radically  different 
from  any  previously  considered  model.  No  net  K  reabsorption  is  demon¬ 
strated  over  the  range  of  K(0)  values  plotted,  0  to  35  mmol/1. 

Indeed,  net  K  secretion  would  not  fall  to  zero  until  K(0)  equaled 
100  mmol/1.  In  this  circumstance,  luminal  and  cell  K  concentrations 
would  be  equal  and  the  electrochemical  potential  of  K  transport  would 
be  zero.  Also,  in  contrast  to  previous  models,  maximal  rates  of  K 
secretion  are  attained  when  K(0)  is  greater  than  zero.  From  Figure 
II. 21b,  maximum  net  K  secretion  can  be  estimated  to  be  approximately 

50  pmol/mln/rnm,  somewhat  higher  than  <£>_  of  Model  B,  38.9  pmol/min/rrrn, 

msec 

and  substantially  less  than  <£_  for  Model  A,  91.5  pmol/min/mm. 

o 

From  the  foregoing  we  may  conclude  generally  that  a  luminal  membrane 
FD  partially  or  entirely  dependent  on  a  K  diffusion  potential  will 
tend  to  favor  transport-limited  flow  dependency  of  K  transport.  If  a 
luminal  K  reabsorptive  pump  with  linear  kinetics  were  added  to  this 
model,  it  can  be  predicted  that  K  secretion  flow  dependency  would  tend 
towards  a  more  flow- limited  character,  but  the  peculiar  curvilinear 
nature  of  $(net)  vs.  K(0)  plot  in  Figure  II. 21b  would  not  be  changed. 

Having  now  considered  a  number  of  alternative  luminal  membrane  proper¬ 
ties  that  contrast  with  the  postulates  of  Models  A  and  B,  we  can  now 
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proceed  with  an  assessment  of  in  vivo  data  which  will  permit  a  limited 
evaluation  of  the  applicability  of  the  various  models  to  in  vivo  K 
secretion  kinetics. 
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L.  IN  VIVO  $(net)  VS.  KCO)  RESULTS  COMPARED  TO  MODEL  PREDICTIONS 

In  this  section,  experimental  data  from  work  in  progress  in  the  labora¬ 
tory  of  D.  Good  and  F.  S.  Wright  will  be  drawn  from  in  order  to  evaluate 
the  kinetic  predictions  of  the  various  theoretical  models  presented  in 
Part  II.  The  data  to  be  considered  here  was  developed  in  the  course  of 
a  microperfusion  study  of  flow  dependency  of  distal  tubule  K  transport , 
the  principal  findings  of  which  already  have  been  reported  (26,27). 

The  experimental  approach  illustrated  in  Figure  11.22  involved  the  per¬ 
fusion  of  single  distal  tubule  segments  of  hydropenic  rats  at  several 
flow  rates  with  solutions  of  differing  ionic  compositions .  Because  only 
a  few  perfusion  rates  were  employed,  the  results  from  this  aspect  of 
the  work  are  not  particularly  helpful  in  evaluating  the  theoretical 
models.  Most  of  the  models  considered  in  Part  II  predict  an  enhancement 
of  K  secretion  with  flow  rate.  This  phenomenon  was  well  demonstrated 
by  the  Good  and  Wright  experiments  (27).  In  addition  to  studying  flow 
dependency,  Good  and  Wright  also  investigated  the  effect  of  varying  the 
perfusate  K  concentration  on  net  K  absorption  rates.  At  a  perfusion 
rate  of  26  nl/min,  net  K  absorption  was  measured  during  perfusion 
with  solutions  containing  four  different  K  concentrations:  0,  2,  14, 
and  35  nmol/1.  These  experiments  are  particularly  relevant  to  the  mod¬ 
els,  for  they  permit  a  plotting  of  in  vivo  data  in  the  form  of  $(net) 
vs.  K(0) .  This,  of  course,  represents  a  K(0)  sensitivity  plot  that 
has  been  shown  to  be  the  important  discriminating  feature  among  the 
theoretical  models.  As  will  be  seen,  the  data  from  the  Good  and  Wright 
experiments  demonstrates  a  convincing  linearity  in  the  relationship  between 
$(net)  and  K(0),  a  characteristic  feature  and  prediction  of  Models  A 


and  B. 
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Figure  II.  22 


Distal  tubular  microperufsion  experiment  of  Good  and 
Wright  (27) .  See  text  for  explanation.  (Reprinted 
with  the  permission  of  F.  S.  Wright. ) 
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Before  proceeding  with  an  evaluation  of  this  data,  a  cautionary  note  is 
warranted.  Discussed  in  the  preceeding  sections  were  several  possible 
reasons  for  the  existence  of  non-linearity  in  the  <p(net)  vs.  K(0) 
functional  relationship.  Although  not  analyzed  per  se,  it  is  also  evident 
that  the  demonstration  of  a  linear  K(0)  sensitivity  plot  based  on  in 
vivo  experimental  results  by  no  means  validates  the  assumptions  of 
Models  A  and/or  B.  Appropriately  aligned  non-linearity  in  the  kinetic 
behavior  of  the  fluxes  J and  as  luminal  conditions  change 

could  give  rise  to  a  linear  <£>(net)  vs.  K(0)  relationship.  For  this 
and  other  reasons,  the  data  from  Good  and  Wright  to  be  presented  here 
may  be  judged  as  consistent  with  the  predictions  of  Models  A  and  B,  but 
with  the  recognition  that  the  varied  complexities  of  in  vivo  K  mem¬ 
brane  transport  may  have  combined  to  give  an  apparency  of  legitimacy 
to  the  simplifying  postulates  of  these  two  models.  At  a  minimum,  it 
will  be  appreciated  that  the  Model  A  and  B  solution  equations  offer  a 
potentially  useful  mathematical  description  of  in  vivo  distal  tubular 
K  transport  kinetics . 

The  single  nephron  perfusion  depicted  in  Figure  11.22  was  carried  out 
ever  a  distal  tubule  segment  comprising  both  early  and  late  portions. 

The  model  equations  are  thus  not  strictly  applicable  since  the  solutions 
assumed  a  homogeneous  epithelium.  Furthermore,  volume  reabsorption 
occurs  over  the  experimentally  perfused  tubule  segment,  whereas  the 
explicit  model  equations  were  found  under  zero  fluid  transport  conditions. 
However,  a  mathematical  solution  to  the  fundamental  differential  equation 
(4)  can  be  found  that  is  consistent  with  the  principal  assumptions  of 
Models  A  and  B  and  which  further  takes  into  account  volume  reabsorption 


-  158  - 


and  a  non-homogeneous  epithelium.  The  details  of  the  solution  are  pre¬ 
sented  in  the  Appendix.  The  Model  A  and  3  assumptions  remain  the  same 
except  that  k^  as  defined  for  each  model  is  permitted  to  vary  as  a 
function  of  x;  that  is,  k&(x)  =  f(x).  The  integrated  solution  to  the 
differential  equation  (4)  shown  below  yields  a  mean  value  for  this  para¬ 
meter. 

K(L)  =  K(0)^^xp(-ka-LA*)  +  K*(max)^j[l  -  expC-k^L/V*)]  (48) 


£  # 

$(net)  =  V(0) • [K  (max)  -  K(0)][1  -  exp(-k  -L /V  )] 

a 

where 


(49) 


V(L)  <  V*  <  V(0) 

k  =  mean  value  of  k  (x)  between  x  =  0  and  x  =  L 

ci  a. 

K  (max)  =  K(0)  when  $(net)  =  0 

# 

(K  (max)  will  vary  with  V(0)) 


Model  A: 
Model  B: 


ka  =  k12(x) 


”k12(x)*k2^(x) ' 
-k21(x)+k2^(x)- 


mean 


Note  that  K  (max)  is  defined  operationally  as  equal  to  that  value  of 

K(0)  which  results  in  zero  net  K  absorption.  Unlike  the  previously 

defined  K(max)  parameter,  K  (max)  can  be  shown  to  vary  with  flow  rate. 

%  —  max 

Accordingly,  K  (max)*k„  does  not  equal  except  when  V(0)  -* 

a  ■  o 

It  can  also  be  demonstrated  that  for  an  epithelium  like  the  distal  tubule 

where  k  (x)  may  be  presumed  to  be  greater  in  the  late  than  early  portion, 
a 

% 

K  (max)  will  increase  as  flow  rate  increases.  Its  maximum  value  is  attai¬ 
nt 

ned  when  V(0)  -»•  «.  V  arises  as  defined  because  the  flow  function  is 
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intentionally  not  characterized.  (It  will  be  recalled  that  the  approxi¬ 
mating  flow  function  developed  in  an  earlier  section  did  not  permit  an 
explicit  solution  of  the  fundamental  differential  equation. ) 

It  is  important  to  note  that  equation  (49)  will  plot  as  a  straight  line 
if  V(0)  and  V(L)  are  held  constant,  't’(net)  will  then  vary  directly 
as  a  function  of  K(0),  with  the  slope,  S,  equal  to 

S  *  -  v(0)[l  -  exp(-k  •I/V  )]  (50) 

a. 

V(L)  5  V*  <  V(0) 

from  which  a  range  for  the  value  k  can  be  calculated  if  V(0)  is 

cl 

known.  The  "X”  intercept  of  a  plot  of  equation  (49)  (#(net)  =  0) 

* 

will  equal  K  (max). 

Data  from  the  Good  and  Wright  experiments  which  may  be  evaluated  in 
terms  of  equations  (49)  and  (50)  is  shown  in  Table  II. 6.  Note  that 
Vgo  and  (=  V(Q)  and  V(L) )  are  relatively  constant  for  the 

various  initial  K  concentrations,  the  magnitude  of  volume  reabsorption 
is  small,  and  $(net)  ranges  from  net  K  secretion  to  net  K  absorption. 
The  data,  plotted  in  Figure  11.23,  yields  the  linear  regression  equation 

y  =  -  6.91x  +  115.7 

r  =  0.999 

* 

K  (max)  =  16.7  mmol/1 


■ 
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Table  II. 6  Data  frcm  Good  and  Wright  microperfusion  experiments 


A)  Results  frcm  distal  tubule  perfusion  with  differing  perfusate 
K  concentrations 


ked 

VED 

0  (net) 

(mmol/1) 

(nl/min) 

(pmol/min) 

0  K 

0 

4.8 

25.3 

23.0 

113.5 

2  K 

2.2 

7.0 

25.9 

23.3 

105.4 

15  K 

14.5 

16.7 

26.5 

23.9 

11.3 

34  K 

34.3 

33.2 

25.6 

22.8 

-119.9 

Mean  length  of  perfused  tubule  segments  =  1.3  mm 


B)  Perfusion  solutions,  ionic  compositions  (mmol/1) 


0  K 

2  K 

15  K 

34  K 

Na 

43 

43 

43 

43 

K 

0 

2 

15 

34 

Cl 

33 

35 

50 

68 

urea 

108 

105 

80 

43 

All  perfusion  solutions  also  contained  phosphate  (4.5  mmol/1)  and 
sulfate  (1.0  nmol/1). 
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Figure  11.23  Plot  of  net  K  absorption  as  a  function  of  early  distal  K 
concentration  (Kgo)  for  data  of  Good  and  Wright  shewn .  in 
Table  II. 6.  Maan  net  K  absorption  +SEM  indicated.  Line 
represents  plot  of  best  fit  linear  regression  equation: 
y  =  -6.91X  +  115.7  (r  =  .999) . 
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The  rate  coefficient,  k&,  is  calculated  from  equation  (50)  after 
solving  for  k  : 

3. 


-V(L) 


Znl 


vioy 


+  1]  <  k  < 


V(0) 


£n[- 


vToy 


+ 1] 


S  =  -  6.91  nl/min 
V(0)  =  26  " 

V(L)  =  23  " 

L  =  1.3  mm 


5-^7  sk  <  6.18  nl/min/mm 

3. 

The  mean  rate  coefficient  for  the  perfused  segment  has  a  value  within 
the  range  of  k's  calculated  for  the  normal  diet  rats  of  the  DeMellc- 

CL 

Aires  experiment  (9.15  for  Model  A  and  3.89  for  Model  B).  As  with  the 
experimental  results  from  DeMello-Aires ,  the  data  from  Good  and  Wright 
does  not  permit  a  differentiation  of  Model  A  from  B. 

Clearly,  the  Good  and  Wright  experiments  are  not  ideally  designed  to 
test  the  assumptions  of  Models  A  and  B.  The  inhomogeneity  of  the  per¬ 
fused  segment  (early  and  late  distal  segments)  and  the  presence  of  volume 
reabsorption  lead  to  experimental  results  which  cannot  be  readily  re- 
lated  to  the  parameters  K(max)  and  $  of  Models  A  and  B.  However, 
the  data  offer  some  support  for  a  kinetic  behavior  of  distal  tubular  K 
secretion  along  the  lines  predicted  by  Models  A  and  B.  Results  from 
experiments  carried  out  at  different  flow  rates  would  be  required  to 
further  evaluate  the  models.  Moreover,  a  direct  test  of  the  particular 
assumptions  of  Models  A  and  B  regarding  the  luminal  membrane  PD,  the 
luminal  K  reabsorptive  pump,  and  cell  K  concentration  would  undoubtedly 
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necessitate  e;xperimental  approaches  of  an  entirely  different  type.  The 
single  isolated  tubule  perfusion  method  perhaps  represents  the  most 
satisfactory  approach  presently  available  for  directly  evaluating  the 
principal  assumptions  and  predictions  of  the  models  considered  here  in 
Part  II. 


APPENDICES 
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APPENDIX  A.  Proof  of  limits  employed  in  derivation  of  model  equations 


CD 

_  b_ 

limit  y  =  ffV]  =  e  7  =  0 

V  -+  0 

Proof: 

as  V  ->  Oj  b/V  -*  » 

b 

,  V  1 

and  e  —  =  0 

(2) 

_  b 

limit  y  -  f[V]  =  A[1  -  e  ^]  =  A 

Y  -  0 

Proof  follows  directly  from  (1) 


(3) 

b 

limit  y  =  f[Y]  =  &1  -  e  ^]  =  1 

Y  00 

Proof: 

y(V)  can  be  rewritten  as  an  infinite  series, 

f-r _  Y-b  1  /b\2  ,  1  /b  •>  c  -] 

fv'/,  -  £[y  “  21  +  3!^ 

=  1  _  —  (— )  +  —  (— )  2 . . . 

2!  vV;  3!  VY' 

therefore , 

limit  y(V)  =  1 

V  ->  00 
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APPENDIX  B.  General  solution  of  fundamental  differential  equation 

A  general  solution  for  the  fundamental  differential  equation  (4)  is 
given  below.  The  solution  is  derived  for  the  case  of  a  constant  cell 
K  concentration  only. 

The  general  solution  to  the  differential  equation 


(4) 


where  K(x)  ,V(x)  and  k ^  may 
vary  as  a  function  of  x,  and  C„ 
is  a  constant  parameter 


may  be  written  as 


(Bl) 


where 


(B2) 


Evaluating  the  indefinite  integral  of  (B2)  gives 


u(x)  =  exp  In  V(x)  + 


or 


u(x)  =  V(x}exp[I(x)] 


(B3) 


We  now  note  that 


(B4) 


-  167  - 


and  since  by  the  First  Integral  Theorem  of  Mean  Value , 

\0  [V^]  *  ■  V  \*  k12dx 


where:  V(0)  <  V  <  V(x) 


and  also 


/■X 


k12dx  x-k12 


where:  k^2  is  the  mean  value  of 
^12  over  the  interval 

0  ->  x 


equation  (B4)  transforms  to 

u(0)  =  V(0), 
u(x)  V(x' 


(-ki2  *x/V  ) 


Substituting  (B3)  and  (B5)  into  (Bl)  gives 

V(0) 

VTxj 


K(x)  =  ^7^exp[(-k12-3c/V*)]-K(0) 


+ 


exp[-I(x)] 

VTx) 


iQ  [u(s)-CK-k2L 


dx 


$(net)  has  been  defined  as 

$(net)  =  V(L) *K(L)  -  V(0)-K(0) 
Thus  equation  (B6)  when  substituted  into  (1)  gives 

§(net)  =  V(0) *K(0)[exp(-k12*L/V*)  -  1] 
+  exp[-I(L)] 


rx=L 

—  — 

l 

u(s)-CR-k2^ 

dx 


(B5) 


(B6) 


(1) 


(B7) 


It  is  useful  to  define  K  (max)  as  that  value  of  K(0)  which  results 
in  zero  net  K  absorption,  that  is, 


K(0)  =  K  (max)  when  #(net)  =  0 


(B8) 
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Substituting  (B8)  into  (37) }  setting  ^Criet)  =  0,  and  solving  for 
expC-I(L)]  gives 


exp[-I(L)J  =  V(0)*K  . (max)*[l  -  expC-k^’L/V  )]  (B9) 


rX=L 

So 

u(s)*C  -k21 

dx 

and  now  substituting  (B9)  into  (B6)  and  (B7)  gives,  after  simplification, 

vrm  —  *  *  vrn'i  _  * 

K(L)  =  K(09y^jexp(-k12-L/V  )  +  K  (maxty^Cl  -  exp(-k12‘L/V  )] 

$(net)  =  [K  (max)  -  K(0 )  ] [1  -  exp(-k^2*L/V  )] 
which  are  equations  (48)  and  (49)  given  in  the  text. 
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